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Cover legend: Cultured rat cortical neuron (14 days in vitro), stained for stargazin. 
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Resumo 
 
Durante o desenvolvimento do sistema nervoso central o refinamento dos 
circuitos neuronais é primariamente controlado por mecanismos de plasticidade de 
Hebb. No entanto, esta plasticidade tende a destabilizar os circuitos neuronais, 
levando a um descontrolo da excitabilidade neuronal. Existem evidências 
convincentes na literatura do controlo homeostático da excitabilidade neuronal em 
diversos sistemas. Conhecem-se algumas das vias de sinalização que controlam a 
plasticidade homeostática, mas os mecanismos moleculares que regulam este 
processo permanecem uma área de investigação activa. 
Neste trabalho testámos o papel da stargazina, uma proteína da família das 
proteínas transmembranares que interagem com os receptores do glutamato do tipo 
AMPA (TARPs), na plasticidade sináptica homeostática. Para isso, investigámos de 
que modo a perda da função da stargazina afecta o scaling sináptico induzido por 
tetrodotoxina (TTX) em culturas de neurónios corticais. Descobrimos que o bloqueio 
crónico da actividade com TTX aumenta os níveis de stargazina bem como a sua 
fosforilação, causando acumulação sináptica da stargazina que coincide com 
aumento da expressão superficial de receptores do glutamato do tipo AMPA 
(AMPAR), uma característica do mecanismo de plasticidade homeostática em 
resposta a inibição crónica da actividade neuronal. A fosforilação da stargazina está 
aumentada após bloqueio da actividade e regula o scaling sináptico já que a 
expressão de mutantes para a fosforilação da stargazina, S9A e S9D, impede a 
acumulação sináptica da subunidade GluA1 dos receptores AMPA. Demonstrámos 
também o envolvimento das proteínas cinase PKC e CaMKIIβ no scaling sináptico 
sendo a stargazina um substrato destas cinases. 
O estudo do papel da stargazina na plasticidade dependente de actividade 
da sinapse retinogenicular envolveu a caracterização do desenvolvimento desta 
xiv 
sinapse nos ratinhos stargazer. Descobrimos que a stargazina é essencial para a 
manutenção sináptica e plasticidade dependente de actividade, já que os ratinhos 
stargazer apresentam um defeito na maturação da sinapse retinogenicular no 
período sensível à visão. Analisámos ainda os níveis de TARPs e das subunidades 
dos AMPAR no núcleo geniculado lateral  (dLGN) após diferentes manipulações 
visuais. É importante ressaltar que os níveis de stargazina são regulados pela 
visão, e estão aumentados no tálamo visual quando os ratinhos são privados de 
visão entre p20-27 (LDR-late dark rearing), sem se registarem alterações noutro 
membro das TARPs, a TARPγ4. Finalmente, descobrimos que, de acordo com o 
que foi descrito anteriormente (Gainey et al. 2009), o bloqueio crónico da actividade 
de neurónios corticais aumenta a expressão da subunidade GluA2. Esta 
subunidade está também aumentada no dLGN após LDR, demostrando que haverá 
semelhantes efectores moleculares da plasticidade homeostático in vitro e in vivo. 
De acordo com o nosso conhecimento, esta é a primeira evidência de 
indução de plasticidade homeostática em regiões sub-corticais em resposta à 
privação de visão binocular. Com base nos nossos resultados propomos um modelo 
em que a fosforilação da stargazina é o interruptor principal para a acumulação 
sináptica de AMPAR durante a plasticidade homeostática, uma forma de 
plasticidade essencial para o desenvolvimento de circuitos e adaptação ao 
ambiente. O nosso trabalho mostra a stargazina como um novo regulador da 
homeostase dos circuitos. 
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Abstract 
  
Activity-dependent synaptic refinement during development occurs primarily 
through Hebbian mechanisms of plasticity. However, this plasticity tends to 
destabilize the neuronal circuits leading to runway excitation or inhibition. There is 
now compelling evidence from a number of systems for homeostatic control of firing 
rates in central neurons. Molecular control of homeostatic processes is an active 
area of research. 
We tested whether stargazin participates in homeostatic synaptic plasticity 
by investigating how loss of stargazin function affects TTX-induced synaptic scaling 
in cultured cortical neurons. We found that chronic activity blockade with TTX 
increased stargazin levels and stargazin phosphorylation state, leading to increased 
synaptic stargazin accumulation coincident with increased surface expression of 
AMPA-type glutamate receptors, a hallmark of homeostatic plasticity induced by 
chronic inhibition of neuronal activity. Stargazin phosphorylation was increased upon 
chronic activity blockade and regulates synaptic scaling as expression of stargazin 
phospho-mutants, S9A and S9D, disrupted increased surface expression of GluA1, 
an AMPA receptor subunit. We were also able to show the involvement of PKC and 
CaMKIIβ in synaptic scaling. 
The role of stargazin in experience-dependent plasticity was studied by 
characterizing the development of the retinogeniculate synapse of stargazer mice. 
We found that stargazin is essential for synaptic maintenance and experience-
dependent plasticity, as stargazer mice showed disrupted retinogeniculate synapse 
maturation at the vision sensitive period. Furthermore, we biochemically analyzed 
TARPs and AMPA receptor subunits in the dorsal lateral geniculate nucleus (dLGN) 
after different visual manipulations. Importantly, stargazin levels are regulated by 
vision, and stargazin was up-regulated in the visual thalamus when experience-
xvi 
dependent plasticity was induced by late-dark rearing, without significant changes in 
the thalamus-expressed family member TARPγ4. Finally, we found that, similarly to 
what was previously described (Gainey et al. 2009) and confirmed in our in vitro 
system, GluA2 subunit is increased in dLGN after late dark-rearing mice, showing 
similar molecular effectors of homeostatic plasticity in vitro and in vivo.  
To our knowledge this is the first evidence for homeostatic plasticity 
mechanisms being induced in sub-cortical regions in response to binocular visual 
deprivation. Herein we propose a model for stargazin phosphorylation as the main 
switch controlling AMPAR synaptic accumulation and trapping during homeostatic 
plasticity. This form of plasticity is essential for circuit development and adaptation to 
the ever-changing environment, making stargazin a new regulator of circuit 
homeostasis. 
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During human brain development close to a billion nerve cells are formed. 
Each neuron will establish physical connections, known as synapses, with thousands 
of others in order to form functional neuronal networks that ultimately will be able of 
control simple reflexes or higher cognitive functions. These neuronal networks are 
formed in two distinct phases. During the first phase neurons send axonal branches 
towards each other governed by guidance molecules ensuring that synapses are 
established in appropriate brain regions (O'Donnell et al. 2009). During the second 
phase mechanisms dependent on neuronal activity will form a precise pattern of 
neuronal connectivity, linking neurons that are active together in a functional context 
(Lu et al. 2009). 
 
Glutamatergic Synapses 
 
The amino acid glutamate is the major excitatory transmitter in the CNS. 
Glutamate is released from the presynaptic terminal and acts postsynaptically 
through four different kinds of receptors, three of which are an integral part of a 
channel protein (ionotropic receptors) and one type that is a G-protein-coupled 
(metabotropic) receptor. At the synapse the ionotropic glutamate receptors, the α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR), the N-
methyl-D-aspartate receptor (NMDAR), and at some synapses, the kainate receptor 
(KAR), named after their respective main agonists, are highly accumulated in clusters 
at the postsynaptic density (PSD), a structure which contains a large number of 
proteins, such as kinases, phosphatases, scaffolding proteins and adaptor proteins 
associated with each other and with the cytoskeleton (Feng and Zhang 2009; Okabe 
2007) (Fig. 1.1).  
AMPARs, NMDARs and KARs can also be expressed at the presynaptic 
terminal (Corlew et al. 2008; Jane et al. 2009; Schenk and Matteoli 2004) where they 
can act by altering transmitter release. The metabotropic glutamate receptors are 
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located both presynaptically and postsynaptically depending on the receptor subtype. 
Postsynaptically, the metabotropic glutamate receptors are mainly located 
perisynaptically, outside of, but close to the PSD (Ferraguti and Shigemoto 2006; 
Okabe 2007). For the purpose of this work AMPAR will be described in detail, with a 
brief discussion of NMDAR and mGluR structure and function.  
 
 
Fig. 1.1 – Representative view of the postsynaptic organization of 
glutamatergic synapses.  
The main PDZ-containing proteins of a glutamatergic synapse are shown, focusing 
on the postsynaptic density. Pink circles indicate PDZ domains. The C-terminal 
cytoplasmic tails of membrane proteins are indicated by grey lines. Specific protein–
protein interactions are indicated by the overlap of proteins. Only a subset of known 
protein interactions is illustrated. Crooked lines indicate palmitoylation of PSD-95 and 
GRIP. AKAP79, A-kinase anchor protein 79; AMPAR, AMPA (α-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid) receptor; EphR, ephrin receptor; ErbB2, EGF-
related peptide receptor; GKAP, guanylate kinase-associated protein; GRIP, 
glutamate-receptor-interacting protein; K channel, potassium channel; mGluR, 
metabotropic glutamate receptor; NMDAR, NMDA (N-methyl-D-aspartate) receptor; 
nNOS, neuronal nitric oxide synthase; PICK1, protein interacting with C kinase 1; 
PSD-95, postsynaptic density protein 95; Shank, SH3 and ankyrin repeat-containing 
potein; SynGAP, synaptic Ras GTPase-activating protein.  Adapted from (Kim and 
Sheng 2004). 
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AMPA Receptors 
 
AMPAR are one of the most common neurotransmitter receptor in the brain 
(Hollmann and Heinemann, 1994), responsible for the majority of fast excitatory 
transmission. They have been studied extensively, including their expression, 
structure, function, modification, and trafficking.   
 
AMPAR subtypes and general structure 
Functional AMPARs are formed by the association of two dimers in tetramers 
composed of one or two of the four AMPAR subtypes, GluA1-4. GluA1 and 4 have 
long carboxy-terminal tails, while GluA2 and 3 have short tails (Kohler et al. 1994). 
The tetrameric structure is composed of either homomers of the same subtype; or 
heteromers of two differing subtypes, typically either GluA1/2 or GluA2/3 (Boulter et 
al. 1990; Nakanishi et al. 1990; Wenthold et al. 1996). 
In 2009 the report of the first X-ray structure of a full-length AMPAR (minus 
the carboxy-terminal domain) was a major breakthrough for neurobiologists, 
revealing some unanticipated features found in tetrameric GluA2 receptors 
(Sobolevsky et al. 2009)(Fig. 1.2A). This study confirmed that NTD and LBD interact 
as dimers showing a two-fold symmetry, however the TMD has four-fold symmetry. 
The most important finding was that domain swapping and crossover occurs between 
subunits (Fig. 1.2B). As a result, the tetrameric GluA2 protein complex has two 
conformationally distinct pairs of subunits, referred to as A/C and B/D (Fig. 1.2B). At 
the level of the NTD the dimer pairs are A–B and C–D, with considerable inter-pair 
interactions between the B and D subunits; at the level of the LBD, however, the 
dimer pairs are A–D and B–C, with inter-pair interactions occurring between A and C 
(Fig. 1.2B). This pairwise arrangement is abolished in the TMD, in which four 
independent but equivalent subunits have four-fold symmetry.  
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Fig. 1.2- X-ray structure of a full-length tetrameric AMPAR. 
(A) Surface representation of the AMPA receptor with the four subunits of identical 
amino-acid sequence (A–D) colored green- A, red- B, blue- C and yellow- D. The 
amino-terminal domain (NTD) and ligand-binding domain (LBD) residing on the 
external side of the cell membrane, and the transmembrane domain (TMD) that 
forms the ion channel, are indicated. The circles indicate competitive antagonists 
(grey) occupying the agonist-recognition sites. (B) Top-down view of the NTD, LBD 
and TMD, illustrating the domain swapping and symmetry mismatch (between LBD 
and TMD). The dashed line for the ATD and LBD indicates the dimer containing the 
A subunit, which in the NTD associates with the B subunit, but in the LBD associates 
with the D subunit. The TMD shows four-fold symmetry. Because the LBD is bound 
by an antagonist, the permeation pore, located in the centre of the TMD, is closed. 
Adapted from (Wollmuth and Traynelis 2009) 
 
 
AMPAR are ionotropic glutamate receptors, and as such have the canonical 
structure including an extracellular N-terminus, four membrane domains (M1-4), 
including a membrane loop (M2), and an intracellular C-terminus (Fig. 1.3A). The 
extracellular amino-terminus contains over half the amino acids of the receptor 
containing the ER start transfer sequence and the LIVBP domain, which is involved 
in the initiation of dimerization of receptors. The M2 loop forms the channel pore, and 
has a site for post-transcriptional editing, the Q/R site. In the unedited form, the 
uncharged amino acid glutamine (Q) is in the pore, allowing Ca2+ to pass through the 
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channel. However, in the GluA2 subunit transcript, the codon for glutamine at this site 
is modified to encode arginine (R), which has a positive charge, blocking calcium 
permeability in receptors containing GluA2. The positive charge from arginine has the 
secondary effect of preventing positively charged polyamines from blocking the 
channel at depolarized membrane potential (Hume et al. 1991). Thus, GluA2-
containing AMPARs are non-rectifying channels at depolarized voltages. In contrast, 
GluA2-lacking receptors are inwardly rectifying (Fig 1.3B).  
 
Fig. 1.3- AMPA receptor subunit structure and rectification properties. 
(A) Schematic representation of the topology of AMPA receptor subunits. (B) 
Ca2+permeability of AMPA receptors depends on the subunit composition. 
Rectification properties arise from the blockade of the channel pore by intracellular 
polyamines at positive potentials. GluA2-lacking AMPA receptors are highly 
permeable to Ca2+ and exhibit inward-rectifying IV relationships. GluA2-containing 
AMPA receptors are impermeable to Ca2+ and exhibit linear IV relationships.  
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Finally, between transmembrane domains M3 and M4 there is an extracellular 
loop, S2, which in combination with S1 in the N-terminal region forms the ligand 
binding domain (LBD) (Greger et al. 2007). The extracellular loop has two sites of 
potential variation, the R/G editing site and the flip/flop alternatively spliced domains. 
The R/G editing modifies an arginine to a glycine, which controls the receptor 
desensitization (Lomeli et al. 1994). The flip/flop site represents two alternative splice 
variants that determine channel conductance and desensitization (Dingledine et al. 
1999; Partin et al. 1993). 
 
 
Fig. 1.4- AMPA receptor C-tail phosphorylation and interaction sites. 
(A) Sequence alignment of the intracellular C-terminal regions of the long-tailed 
(GluA1, GluA2L and GluA4) and short-tailed (GluA2, GluA3 and GluA4c) AMPA 
receptor subunits. The protein binding sites on AMPA receptor subunits (boxes) and 
the phosphorylation sites are underlined and indicated with a larger font size. 
Adapted from (Santos et al. 2009). 
 
 
The C-tail of AMPAR tightly regulates AMPAR function by different 
mechanisms such as phosphorylation of specific residues and also through the 
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interaction with different proteins that either bind to short- or long-tail subunits (Fig 
1.4). Phosphorylation is a key post-translational modification in regulating AMPAR 
function (Carvalho et al. 2000). Long-tail AMPAR subunits can interact with 4.1N, a 
protein involved in the organization of the spectrin-actin cytoskeleton (Shen et al. 
2000). Disruption of 4.1N binding to AMPAR reduces surface expression (Coleman 
et al. 2003; Shen et al. 2000). The binding of 4.1N to AMPAR is enhanced by 
phosphorylation of S816 and S818, and is involved in the exocytosis of AMPAR in a 
PKC dependent manner (Lin et al. 2009). GluA1 can also be regulated by a trio of 
phosphorylation sites: S831, T840, and S845. Serine 831 (Ser831) can be 
phosphorylated by protein kinase C (PKC) (Roche et al. 1996) and CaMKII 
(Mammen et al. 1997); serine 845 (Ser845) is a protein kinase A (PKA) and cGMP-
dependent protein kinase II (cGKII) phosphorylation site (Roche et al. 1996; Serulle 
et al. 2007). Phosphorylation of serine 831 increases during LTP and increases 
AMPAR channel conductance without affecting AMPAR synaptic insertion (Benke et 
al. 1998; Hayashi et al. 2000). T840 was recently described as a new target site of 
p70S6 kinase in GluA1 C-tail. It can be dephosphorylated by NMDAR activation via 
PP1 or PP2A (Delgado et al. 2007; Lee et al. 2007). S845 is phosphorylated by PKA, 
and increases the peak open probability of receptors (Banke et al. 2000). S845 
phosphorylation is required for synaptic retention of AMPAR (Esteban et al. 2003; 
Lee et al. 2003).  
GluA2 and GluA3 subunits can interact with GRIP (Dong et al. 1997), AMPA 
receptor-binding protein (ABP), also known as GRIP2 (Srivastava et al. 1998), and 
PICK1 (Dev et al. 1999; Xia et al. 1999) through the PDZ binding domain present at 
the extreme C-terminus of these two short-tail subunits (Sheng and Sala 2001). 
Phosphorylation of GluA2 (Ser880) by PKC decreases receptor binding to GRIP1 
and recruits PICK1 to excitatory synapses in order to facilitate rapid internalization of 
surface receptors (Chung et al. 2000).  
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Transmembrane AMPAR-Interacting Proteins 
A transmembrane auxiliary subunit of AMPAR is a protein that avidly and 
selectively binds to AMPAR as part of a stable complex at the cell surface, 
modulating the functional characteristics of the channel, and mediating surface 
trafficking and/or targeting to synapses (Jackson and Nicoll 2011). 
 
Stargazin 
Beyond the core subunits, auxiliary subunits can regulate AMPAR function. 
The first transmembrane protein found to interact with AMPAR was stargazin (also 
known as γ2), the prototypical TARP (transmembrane AMPAR regulatory protein). 
Later γ3, γ4 and γ8 were identified as new members of the TARP family that exhibit 
remarkable phylogenetic conservation (Wang et al. 2008). TARPs are composed of 
four transmembrane domains (Fig. 1.5A) that interact with AMPAR through the 
ligand-binding domain, and can control surface expression of AMPAR, as well as 
channel biophysical properties (reviewed in (Jackson and Nicoll 2011)). Importantly, 
TARPs contain an intracellular PDZ binding domain (TTPV) that can interact with 
PSD95, a synaptic anchoring protein (Dakoji et al. 2003; Schnell et al. 2002). 
The C-terminal domain of stargazin has a series of nine conserved serines 
common to all TARPs that, under basal conditions, are the only detectable 
phosphorylated residues in cultured cortical neurons (Tomita et al. 2005) (Fig. 1.5B). 
These serines, found within a highly basic region, are substrates for phosphorylation 
by CaMKII and/or PKC (Tomita et al. 2005; Tsui and Malenka 2006). Interestingly, 
the regulation of stargazin phosphorylation is important for Hebbian plasticity. 
Expression of a phosphomimetic stargazin construct enhances synaptic 
delivery of AMPARs (Tomita et al. 2005) and prevents long-term depression (LTD). 
On the other hand, expression of a phosphodead stargazin construct prevents the 
induction of long-term potentiation (LTP) (Tomita et al. 2005). Additional evidences 
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suggest that CaMKII and PKC differentially regulate γ2 and γ8 (Inamura et al. 2006). 
These findings demonstrate that TARPs are an important target of CaMKII and PKC 
and may play a central role in the bidirectional regulation of synaptic plasticity.  
Recently, electron crystallographic reconstruction of recombinant stargazin revealed 
the C-terminal interaction with lipid bilayers (Roberts et al. 2011). Moreover, TARP 
interaction with lipid bilayers inhibits the binding of TARPs to PSD-95 (Fig. 1.5C). 
When TARPs are phosphorylated at the serine residues, lipid interaction is disrupted, 
allowing the interaction of TARPs with PSD-95 thus stabilizing AMPAR complexes at 
synaptic sites (Sumioka et al. 2010). In fact, AMPAR diffusion was quantified in 
hippocampal neurons expressing stargazin phospho-mutants using quantum dot 
analysis. This recent study showed that stargazin phosphorylation by CaMKII traps 
AMPAR complexes at synaptic sites (Opazo et al. 2010). 
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Fig. 1.5– Stargazin phosphorylation is essential for synaptic localization of 
AMPAR.   
(A) TARPs are tetramembrane-spanning proteins that contain typical (–TTPV) 
binding motifs for the PDZ domain in their COOH terminus. (B) Amino acid sequence 
of the stargazin C-terminal cytoplasmic domain and alignment with the other three 
TARPs. Red letters represent the phosphorylated serines; green letters represent the 
conserved residues between TARPs. (C) A model for the TARP phosphorylation-
mediated regulation of synaptic AMPA receptors via lipid bilayers. The interaction of 
negatively charged lipid bilayers with stargazin inhibits the binding of stargazin to 
PSD95. Dissociation of lipids from phosphorylated stargazin leads to its binding to 
PSD95 at synapses. Adapted from (Tomita 2010), (Tomita et al. 2005), (Sumioka et 
al. 2010). 
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The presence of TARPs slows the kinetics of AMPAR dectivation  (channel 
closure upon glutamate removal) and desensitization (channel closure upon 
glutamate binding) (Priel et al. 2005; Tomita et al. 2005; Turetsky et al. 2005). 
Moreover TARPs modulate the pharmacology of AMPARs, affecting the efficacy of 
kainate (a partial AMPAR agonist) and the affinity and efficacy of AMPAR 
potentiators, such as cyclothiazide (Tomita et al. 2005; Tomita et al. 2006; Turetsky 
et al. 2005). Importantly, TARPs also decrease AMPAR block by polyamines 
(Jackson et al. 2011; Soto et al. 2007). 
Most studies focused their attention on stargazin but different TARPs display 
distinct regional and developmental regulated expression in the brain (Fukaya et al. 
2005; Payne 2008; Tomita et al. 2003). Interestingly, although redundancy was 
suggested there are significant differences in AMPAR biophysical properties 
regulation between TARPs (reviewed in (Jackson and Nicoll 2011)).  
 
Other AMPAR Transmembrane Interacting Proteins 
Several other transmembrane proteins were more recently described as 
components of native AMPAR. The cornichon (CNIH-2 and -3) family associates with 
native AMPAR together with TARPs, possibly controlling TARP stoichiometry in the 
complex. Cornichons regulate AMPAR surface expression, slow deactivation, and 
reduce desensitization in heterologous cells (Schwenk et al. 2009). In contrast to 
TARPs and cornichons, which increase AMPAR conductances, CKAMP44 (Cystine-
knot AMPAR modulating protein) decreases AMPAR currents, and slows recovery 
from desensitization mediating hippocampal short-term plasticity (von Engelhardt et 
al. 2010). SynDIG1 (Synapse Differentiation Induced Gene 1) was very recently 
identified as a new transmembrane regulator of AMPA receptor content at 
developing synapses in dissociated rat hippocampal neurons. SynDIG1 colocalizes 
with AMPA receptors at synapses and at extrasynaptic sites. Interestingly, SynDIG1 
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content in dendritic spines is regulated by activity (Kalashnikova et al. 2010). A 
recent study from our lab identified Contactin-associated protein 1 (Caspr1) as a new 
transmembrane AMPAR interactor. Caspr1 is present in synapses, and interacts with 
AMPAR in brain synaptic fractions. Coexpression of Caspr1 with GluA1 increases the 
amplitude of glutamate-evoked currents. Caspr1 overexpression in hippocampal 
neurons increases the number and size of synaptic GluA1 clusters, whereas 
knockdown of Caspr1 decreases the intensity of synaptic GluA1 clusters (Santos et 
al. 2012). 
Although most neuronal AMPARs studied thus far appear to be associated 
with TARPs and perhaps other auxiliary subunits, it is unclear if this association is 
required for functional surface receptors. With so many regulatory proteins, AMPAR 
regulation in vivo seems like a black box as we are just beginning to appreciate the 
importance of this rapidly expanding field. 
 
NMDA Receptors 
Besides AMPAR, other ionotropic receptors are present at glutamatergic 
synapses. NMDARs are heteromers of GluN1 (with 8 different splice variants), GluN2 
(GluN2A, GluN2B, GluN2C and GluN2D) and GluN3 (GluN3A and GluN3B) subunits 
that form ligand-gated channels with various cellular, biophysical and 
pharmacological properties depending on the composition of subunits and splice 
variants (Cull-Candy and Leszkiewicz 2004; Paoletti and Neyton 2007). These 
receptors are most often tetramers composed of two GluN1 subunits and two GluN2 
subunits (Paoletti and Neyton 2007; Ulbrich and Isacoff 2008). The C-terminus of 
both GluN1 and GluN2 subunits regulates NMDAR trafficking and function through 
interaction with several intracellular scaffolding proteins and also through 
phosphorylation of specific residues (Groc et al. 2009; Lau and Zukin 2007). 
Glutamate binds to the GluN2 subunits while the co-agonist glycine binds to the 
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GluN1 subunit, known as the obligatory subunit.  
Synaptic NMDARs are localized in the post-synaptic density where they are 
structurally organized in a large macromolecular complex composed of scaffolding 
proteins and adaptors that physically link NMDARs to downstream signaling 
molecules, kinases and phosphatases, and to other transmembrane proteins such as 
adhesion proteins and mGluRs (Husi et al. 2000). NMDAR trafficking is controlled by 
a variety of interacting proteins, including PDZ-domain containing proteins such as 
PSD-95 and SAP102. Membrane insertion and regulated endocytosis of NMDARs is 
also tightly controlled by phosphorylation (Chen and Roche 2007; Lau and Zukin 
2007). Synaptic activity regulates the number and subunit composition of synaptic 
membrane receptors (Lau and Zukin 2007). 
 
Metabotropic Glutamate Receptors 
Metabotropic glutamate receptors (mGluRs) are coupled to GTP-binding 
proteins that link the receptors to downstream signaling pathways (Nicoletti et al. 
1986; Sladeczek et al. 1985). The family of mGluRs comprises eight different 
subtypes (mGlu1–8) classified into three groups on the basis of sequence 
similarities, pharmacological properties, and intracellular signal transduction 
mechanisms (Conn and Pin 1997; Nakanishi 1992). Group I includes mGlu1 and 
mGlu5 receptors, which couple to Gq and activate phospholipase C (PLC) (Ferraguti 
et al. 2008). In group II (mGlu2, mGlu3) and group III (mGlu4, mGlu6, Glu7, and 
mGlu8), receptors couple to Gi/Go and inhibit adenylyl cyclase (Conn and Pin 1997; 
Gerber et al. 2007). These receptors are important for Hebbian forms of plasticity, but 
for the purpose of this thesis we will briefly focus on their role in homeostatic 
plasticity (see below). 
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Synaptic Plasticity 
 
Synapses are plastic subcellular structures, of which both function and 
morphology can be influenced by activity. The effects of synaptic activity on synapse 
function and structure have been studied using different model systems; for instance 
the hippocampus, the neuromuscular junction and the neocortex have been exploited 
to analyze the activity-dependent changes in synapse function and morphology.  
 
Hebbian Plasticity 
Hebbian plasticity is the most widely studied form of activity-dependent 
adaptation of synaptic strength and includes both long-term potentiation (LTP) and 
long-term depression (LTD). These processes are rapid, durable and induce changes 
in the strength of specific synapses (Collingridge et al. 2004; Malenka and Bear 
2004). Hebbian plasticity has been extensively studied and characterized as a 
cellular basis for learning and memory because it reinforces synaptic connections 
that are active with a repeated stimuli (Neves et al. 2008).  
It is now widely accepted that AMPARs play a key role in the expression of 
LTP and LTD. Increasing evidence suggests that at many excitatory synapses in the 
hippocampus and the neocortex, phosphorylation of AMPARs, and their insertion or 
removal from the PSD, underlie the changes in synaptic strength associated with 
LTP or LTD, respectively. 
LTP is characterized by a persistent increase in the efficacy of synaptic 
transmission, following a short period of high-frequency synaptic stimulation. 
Pharmacological stimulation of excitatory synapses also induces a long-term 
increase in synaptic activity, referred to as chemical LTP (Santos et al. 2009). LTP 
involves an increased insertion of GluA1-containing AMPAR in the synapse (Hayashi 
et al. 2000). This process requires high-frequency stimulation of the synapse and is 
dependent on NMDAR activation (Shi et al. 1999). Calcium entry through NMDARs 
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leads to the activation calcium/calmodulin-dependent protein kinase II (CaMKII), 
which then translocates to the postsynaptic density (PSD) (Otmakhov et al. 2004), 
where it enhances AMPAR-mediated transmission. First, CaMKII phosphorylates 
GluA1 subunits at S831, which leads to an increase in the average conductance of 
such channels. Second, CaMKII phosphorylates the AMPAR-binding protein 
stargazin, which causes stargazin to bind PSD95, thereby increasing the number of 
AMPARs at the synapse. CaMKII activity, perhaps with other calcium-dependent 
processes, stimulates the fusion of vesicles containing AMPARs with the plasma 
membrane, increasing the extrasynaptic concentration of such channels [recently 
reviewed in (Lisman et al. 2012)]. 
Low levels of synaptic stimulation can activate NMDARs to produce NMDAR-
dependent LTD of glutamatergic synaptic transmission, or activate mGluRs, to 
produce mGluR-dependent LTD. The two forms of LTD are accompanied by 
dephosphorylation of GluA1-S845 and phosphorylation of GluA2-S880 and increased 
AMPAR endocytosis. GluA1 dephosphorlation may target GluA1-containing 
receptors for endocytosis and lysosomal degradation (Ehlers 2000). GluA2 
phosphorylation at S880 shifts AMPAR interaction from GRIP to PICK1, increasing 
AMPAR endocytosis (as described above). 
Hebbian plasticity is important for information storage in the brain but can 
create circuit instability. Let’s take the example of LTP that increases neuronal 
excitability and, if elicited repeatedly, reduces the threshold for LTP induction leading 
to runaway excitation.  Neurons have developed homeostatic mechanisms that 
prevent synapses from undergoing saturation and maintain the stability of network 
activity within a set range that can, in fact, help preserve information storage in the 
brain (Turrigiano 2008) (Fig 1.6). 
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Fig 1.6- Model for information storage when LTP and synaptic scaling work 
together.   
Two synapses initially have equal strength (left). When one is potentiated (center), 
the firing rate of the postsynaptic neuron rises, with increased AMPAR insertion 
specifically at the potentiated synapse (LTP). This causes a proportional decrease in 
the strength of both synapses through the removal of AMPA receptors - scaling. The 
firing rate of the neuron falls again but the difference between the two synapses is 
preserved (right). Adapted from (Turrigiano 1999). 
 
 
Homeostatic Plasticity 
 Several forms of homeostatic plasticity have been identified in excitatory 
synapses. Homeostatic plasticity can involve changes in both the presynaptic and 
the postsynaptic sides depending on the age of neurons and the length of stimuli 
(Wierenga et al. 2006); here we will focus on postsynaptic mechanisms of plasticity, 
which are addressed in the experimental work. The best-studied form of homeostatic 
plasticity at central excitatory synapses is global synaptic scaling.  
Synaptic scaling was initially described in cultured neocortical neurons, after 
pharmacological manipulation of activity elicited compensatory and bidirectional 
changes in the strength of glutamatergic synapses through AMPAR accumulation 
(Turrigiano et al. 1998) (Fig. 1.7). When network activity is modulated there is a 
uniform adjustment of synaptic strength across all the synapses of a given neuron. 
This is important as it conserves the relative differences in synaptic strength, crucial 
for storage and processing. Importantly, synaptic scaling was demonstrated both in 
vitro and in vivo, in spinal neurons and neocortical and hippocampal pyramidal 
neurons (O'Brien et al. 1998; Thiagarajan et al. 2005; Turrigiano et al. 1998). 
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Fig 1.7- Synaptic scaling induced AMPAR accumulation at synapses.  
Synaptic scaling is accompanied by changes in the accumulation of AMPAR at 
synaptic sites as well as turnover of scaffolding proteins that tether AMPA receptors 
to the cytoskeleton. When circuit activity is reduced, either pharmacologically or by 
sensory deprivation, AMPAR and scaffolding proteins increase their trafficking into 
synaptic sites. Adapted from (Turrigiano and Nelson 2004). 
 
In vivo homeostatic synaptic scaling has been studied in the visual cortex, 
where experience-dependent scaling of glutamatergic synapses is subject to spatial 
and developmental regulation (Desai et al. 2002; Goel et al. 2006). In this model 
system, homeostatic plasticity can be elicited by intra-ocular injections with 
tetrodotoxin (TTX) to block action potentials or by manipulating the visual experience, 
either by exposing or depriving animals from light. In particular, visual deprivation 
scales up excitatory synapses in the visual cortex, while exposing the visually 
deprived animals to light scales down the synapses. Sensory-experience dependent 
plasticity is thought to occur mainly through changes in AMPAR trafficking since 
changes in the amplitude of AMPAR-mEPSCs but not frequency are observed. 
AMPAR composition at synapses during homeostatic scaling remains controversial 
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as some authors showed CP-AMPAR insertion after visual deprivation (Goel et al. 
2006; Goel et al. 2011) and others demonstrated CI-AMPAR insertion after 
intraocular TTX injections (Gainey et al. 2009). 
Our current knowledge about the molecular mechanisms responsible for the 
induction of synaptic scaling is still far from complete but during the last decade 
several proteins were described to mediate AMPAR accumulation during synaptic 
scaling. We will focus our attention on pathways that directly regulate AMPAR, for a 
more complete view of all the molecules involved in synaptic scaling please refer to 
Table 1. 
PSD95 is a member of the membrane associated guanylate kinase (MAGUK) 
family that includes SAP102 and PSD93. PSD95 binds AMPAR through TARPs and 
has been proposed to serve as a “slot” protein that determines synaptic AMPAR 
content (Opazo et al. 2011). Although not sufficient, PSD-95 was shown to be 
necessary for synaptic scaling, but scaling up and down were differentially 
dependent on PSD-95 and PSD-93. Scaling down was completely blocked by 
reduced or enhanced PSD-95. In contrast scaling up could be supported by either 
PSD-95 or PSD-93 in a manner that depended on neuronal age (Sun and Turrigiano 
2011). Importantly, in this study the role of TARPs in synaptic scaling was tested for 
the first time. TARPγ3 over-expression blocked scaling down of young neocortical 
pyramidal neurons (Sun and Turrigiano 2011).  
 
 
 
 
 
 
 
 
 
 
INTRODUCTION 
 21 
Table 1 – Summary of the molecular pathways that influence synaptic scaling. 
PATHWAY 
 ROLE SCALING UP OR DOWN REFERENCES 
SOLUBLE RELEASED FACTORS 
BDNF Released in activity-dependent manner. 
Reduced BDNF scales 
synapses up without 
effect on scaling down. 
(Rutherford et al. 
1998) 
TNFα 
 Released by glia when activity falls. 
Increased TNFα 
scales synapses up 
without effect on 
scaling down. 
(Kaneko et al. 2008; 
Stellwagen and 
Malenka 2006) 
Retinoic Acid 
Ca2+ dependent increased 
expression upon activity blockade; 
Regulates local translation of 
AMPAR through FMRP. 
RA is necessary and 
sufficient for scaling 
up; scaling down not 
tested. 
(Aoto et al. 2008; 
Soden and Chen 
2010; Wang et al. 
2011) 
TRANS-SYNAPTIC SIGNALING MOLECULES AND CELL ADHESION MOLECULES 
β3 Integrin 
 
Surface levels of β3 integrin 
regulated by activity; Directly 
interacts with GluA2 regulating 
AMPAR endocytosis. 
β3 integrin is 
necessary for scaling 
up; scaling down not 
tested. 
(Cingolani et al. 
2008; Pozo et al. 
2012) 
MHC1 Synaptic localization; mRNA regulated by activity. 
Reduced levels of 
MHC1 attenuate 
scaling up; scaling 
down not tested. 
(Goddard et al. 
2007) 
Presenilin 1 Integral member of γ-secretase enzyme; affects PI3/Akt signaling. 
Presenilin 1 is 
necessary for scaling 
up, not scaling down. 
(Pratt et al. 2011) 
INTRACELLULAR SIGNALING PATHWAYS 
Intracellular 
Calcium 
Somatic calcium levels reflect level 
of action potential firing. 
Blocking calcium influx 
scales up synaptic 
strengths and 
occludes the effects of 
activity blockade. 
(Ibata et al. 2008; 
Thiagarajan et al. 
2005) 
CaMKIV CaMKIV activation levels regulated by calcium; regulates transcription. 
Reduced activation 
and CaMKIV scales 
synapses up; scaling 
down not tested. 
(Ibata et al. 2008) 
 
CaMKII 
CaMKIIβ levels are increased by 
inactivity. CaMKII is present at 
synapses. 
CaMKIIβ necessary for 
scaling up. 
(Groth et al. 2011; 
Thiagarajan et al. 
2002) 
Arc 
 
Activity-dependent changes in Arc 
protein regulates AMPA receptor 
endocytosis 
Reduced Arc scales 
synapses up and 
occludes scaling; not 
necessary for scaling 
down 
(Rial Verde et al. 
2006; Shepherd et 
al. 2006) 
Plk2, CDK5 
Increased signaling involved in 
synaptic scaling down 
 
Activity-dependent 
degradation of Spar to 
regulate synaptic 
strength; involved in 
scaling down, scaling 
up not tested 
(Seeburg et al. 
2008) 
mGlu5 
Homer1a activates mGlu5; mGluR 
activation decreases GluA2 
phosphorylation 
mGlu5 is necessary 
for scaling up and 
down. 
(Hu et al. 2010) 
PSD95 Scaffold protein essential for PSD organization 
PSD95 necessary for 
scaling up and blocks 
scaling down. 
(Sun and Turrigiano 
2011) 
PICK1 Interacts with GluA2, increased GluA2 endocytosis 
PICK1 is necessary for 
scaling up, not scaling 
down. 
(Anggono et al. 
2011) 
Mecp2 Transcriptional regulator; Regulates GluA2 transcription 
Mecp2 necessary for 
scaling down; scaling 
up not tested 
(Qiu et al. 2012) 
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PICK1 (protein interacting with C-kinase 1) directly binds to GluA2 subunit of 
AMPARs regulating AMPAR surface expression, trafficking and synaptic targeting, as 
discussed above (Hanley 2008). PICK1 loss of function alters the subunit 
composition and the abundance of GluA2-containing AMPARs resulting in occlusion 
of the increase in synaptic strength in response to synaptic inactivity. In agreement 
with electrophysiological recordings, no defect of AMPAR trafficking is observed in 
PICK1 knockout neurons in response to elevated neuronal activity (Anggono et al. 
2011). This study revealed an important role of PICK1 in inactivity-induced synaptic 
scaling by regulating the subunit composition, abundance and trafficking of GluA2-
containing AMPARs. 
Mecp2 (methyl CpG binding protein 2) is a transcriptional repressor recently 
found to regulate GluA2 expression in hippocampal neurons in response to 
increased neuronal activity (Qiu et al. 2012). Interestingly, downregulation of MeCP2 
by shRNA expression or genetic deletion blocked the decrease in GluA2 expression 
and mEPSC amplitude induced by increased network activity (Qiu et al. 2012). These 
observations indicate that MeCP2 mediates activity-dependent synaptic scaling.  
 
Interestingly, there are shared molecular mechanisms between Hebbian and 
homeostatic plasticity though differences in the temporal characteristics are likely to 
have mechanistic implications. Some forms of LTP and LTD are the result of rapid 
insertion or removal of synaptic AMPA receptors within minutes of induction that 
result in relatively stable changes in synaptic strength at particular synapses, 
independently of transcription (Malinow and Malenka 2002). Synaptic scaling is a 
slow, cumulative, and dynamic form of plasticity in which the number of synaptic 
AMPAR is continuously adjusted up or down to stabilize firing (Ibata et al. 2008; 
O'Brien et al. 1998; Turrigiano et al. 1998). Chronic changes in activity regulate the 
synaptic content of a large array of synaptic proteins in addition to glutamate 
receptors, suggesting that the overall protein composition of the postsynaptic density 
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is adjusted by ongoing activity (Ehlers 2003). Surprisingly, even the early phases of 
synaptic scaling (within the first 4 hr) are dependent on transcription (Ibata et al. 
2008). These studies suggest that synaptic scaling operates through transcription-
dependent changes in receptor trafficking and/or scaffolding machinery in a way that 
continuously adjusts the number of receptors in the synaptic membrane (Fig. 1.7). 
This could scale synaptic strength up or down through changes in synaptic delivery, 
turnover, or tethering of AMPA receptors in the synaptic membrane.  
Hebbian forms of plasticity and local homeostatic processes are synapse-
specific events while other homeostatic plasticity processes involve global changes 
at all the synapses of a specific neuron. How the molecular machinery involved in 
AMPAR trafficking is shared between all the plasticity processes and still they remain 
fundamentally different is currently an active field of research, but clearly there is 
more than one way to regulate synaptic AMPA receptor accumulation.  
 
 
Circuit Development 
 
Synapses have a remarkable ability to change in strength over a wide range 
of time scales. Over development, the initial redundant neuronal connections can 
undergo a combination of strengthening, weakening, elimination, and reformation 
processes which contribute to circuit refinement in the nervous system (Katz and 
Shatz 1996). The timing and specificity of synapse remodeling is crucial for the 
shaping of normal brain function; deficiencies in this process may lead to diseases 
such as Autism spectrum disorders (including typical autism and Aspergers 
syndrome) and different kinds of mental retardation, such as fragile X syndrome and 
Rett Syndrome (Bourgeron 2009; Yoshihara et al. 2009). 
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Retinogeniculate Synapse 
 The visual system is one of the best-studied sensory systems, being a model 
for circuit development as well as sensory information processing. Visual information 
encoded in the retina is transmitted to thalamic relay neurons in the dorsal lateral 
geniculate nucleus (dLGN) via retinal ganglion cells. Relay neurons project to the 
primary visual cortex and receive direct feedback from cortical layers. The 
retinogeniculate synapse is a powerful system for studying synaptic plasticity during 
development in the CNS because unlike most CNS synapses, the retinogeniculate 
synapse maturation has been characterized in detail. 
 Development of the retinogeniculate synapse can be divided into three 
distinct phases.  
 
 
Fig. 1.8- Functional development of the retinogeniculate synapse. 
Schematic representation of synaptic refinement summarizing data related to the 
number of inputs per relay neurons (grey circle) as well as the synaptic strength of 
each input at different points in development, from P9 to P32. Each white oval 
represents an axon making numerous contacts (release sites) onto the relay neuron 
and the difference in size represents differences in synaptic strength. Sensory 
deprivation by chronic dark rearing mice from birth shows no significant difference 
when compared to normally reared mice. In contrast, dark rearing mice after P20 up 
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to P32 results in an increase in the number of retinal inputs and weakening of all the 
connections. 
 
 
The first phase involves correct axon targeting and rearrangement into proper 
lamina in the dLGN with major structural changes occurring during this phase. Early 
in development, inputs from both eyes overlap in the dLGN and then become 
gradually segregated into two separated layers through synapse elimination 
(Campbell and Shatz 1992; Sretavan and Shatz 1986). This phase occurs before 
eye-opening in mice and is dependent on spontaneous retinal activity. 
 After eye-specific segregation is complete, electrophysiological and 
ultrastructural analysis revealed immature synapses (Bickford et al. 2010; Chen and 
Regehr 2000) with each relay neuron innervated by an average of 10 retinal inputs. 
The second phase of retinogeniculate synapse maturation occurs after eye-opening 
when half of the retinal inputs are eliminated until P16 and the remaining are 
strengthened. Interestingly, this synapse elimination is dependent on spontaneous 
retinal waves and not vision (Hooks and Chen 2006). 
 After P16 there is still some synaptic refinement with synapse elimination and 
20-fold increase in the strength of retinal inputs, when compared to P8 mice. At P27, 
each relay neuron is innervated by one to three retinal inputs in normally reared mice 
(Fig. 1.8). The final stage of refinement was thought not to be dependent on vision as 
rearing mice in the dark from birth had no significant effect on pruning or 
strengthening of synapses (Hooks and Chen 2006). However, dark rearing mice for a 
week after P20 results in major synaptic rearrangements with a significant increase in 
the number of retinal inputs and weakening of the strength (Fig. 1.8). Further 
investigation revealed that this experience-dependent plasticity is triggered by prior 
visual experience and occurs only during a discrete period of time, defining the 
period between P20 and P30 as a critical period for the retinogeniculate synapse 
(Hooks and Chen 2008).  
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Molecular mechanisms involved in retinogeniculate synapse remodeling 
The first phase of development has been extensively studied in several 
mutant mice with the discovery of proteins responsible for proper synapse refinement 
early in the mouse development. A synapse that does not participate in synchronous 
firing or is redundant will suffer elimination. Mutations that disrupt proteins involved in 
spontaneous retinal activity, such as the nicotinic acetylcholine receptor β2 subunit, 
or in axon guidance, such as Wnt/ryk and Ephrins result in abnormalities in eye-
specific segregation (Demas et al. 2006; Grubb et al. 2003; Pfeiffenberger et al. 
2005; Schmitt et al. 2006). A very interesting finding is the involvement of the 
immune system in synapse elimination (Boulanger 2009). During retinogeniculate 
synapse refinement proper elimination of synapses is known to be regulated by the 
major histocompatibility complex class I (MHCI) molecules, the complement cascade 
proteins C1q and C3 and neuronal pentraxins (NPs) that mediate microglial 
phagocytosis of the synapse (Bjartmar et al. 2006; Huh et al. 2000; Perry and 
O'Connor 2008; Stevens et al. 2007). 
 Surprisingly, compared to detailed knowledge described above for the first 
phase of synaptic refinement little is known about the molecular mechanisms 
responsible for the last two phases of synapse remodeling in the dLGN.  A recent 
study implicated Mecp2, a transcriptional regulator associated with Rett syndrome in 
humans, in experience-dependent plasticity of the retinogeniculate synapse. Analysis 
of retinogeniculate synapse maturation in Mecp2 null mice showed that the first two 
phases of synapse maturation are unaffected in the absence of Mecp2 in contrast 
with the third phase that is altered in Mecp2 null mice. After P21, synapses fail to 
strengthen and the number of retinal input increases, consistent with a role of Mecp2 
in sensory-dependent circuit remodeling (Noutel et al. 2011). During the maturation 
of the retinogeniculate synapse there is a high accumulation of AMPAR, with a 20-
fold increase in evoked currents at P30, compared to P8 mice (Chen and Regehr 
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2000). Recently, a prevalent role of GluA1 insertion at the retinogeniculate synapse 
in response to vision was demonstrated, since after eye-closure GluA1 preferential 
insertion at the retinogeniculate synapse was blocked (Kielland et al. 2009).  
 Over development, retinogeniculate strengthening and elimination of weaker 
inputs occur simultaneously with Hebbian plasticity mechanisms proposed to be 
responsible for these changes in retinogeniculate synapse remodeling (Katz and 
Shatz 1996). In fact, bursts of presynaptic action potentials designed to mimic 
synchronous retinal waves are able to elicit changes in synaptic strength depending 
on the relay neuron bursting (Butts et al. 2007). This potentiation accounts only for 
two-fold increase in quantal size, indicating that a dramatic increase in release sites 
must occur during the maturation of this synapse, as the probability of release in 
unaffected (Chen and Regehr 2000). Interestingly, homeostatic plasticity was 
described in the corticothalamic synapses in the dLGN after monocular deprivation, 
showing that homeostatic plasticity can occur in sub-cortical areas (Krahe and Guido 
2011).  
The study of the molecular mechanisms involved in experience-dependent 
plasticity induced by late dark rearing (LDR) is essential to understand how neuronal 
circuits cope with environmental changes in mature or diseased CNS.  
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Stargazin and Human Diseases 
Defects in glutamatergic synaptic transmission have been implicated in the 
pathogenesis of numerous neurodegenerative and psychiatric diseases. Emerging 
human genetic evidence suggests that TARPs may play a role in the etiology of 
disorders as diverse as epilepsy, schizophrenia, and neuropathic pain. 
Schizophrenia is a chronic and devastating mental disorder which affects ~1% of 
the population, and is characterized by disorganized thought processes, 
hallucinations, delusions and emotional deficits with late onset. Impaired synaptic 
connectivity is an over-arching feature of schizophrenia pathology as observed in 
human brain imaging studies and in post-mortem tissue. A major obstacle to 
developing effective treatments for schizophrenia has been the limited understanding 
of the pathophysiology of the disease and of the mechanisms underlying the efficacy 
of existing treatments. Several genetic risk factors for schizophrenia have been 
identified in the past years [e.g. (International_Schizophrenia_Consortium 2008; 
2009)], but thus far no single factor has been identified that plays a causal role for 
this heterogeneous disease. At the fundamental level, behavioral manifestations in 
neuropsychiatric disorders are a consequence of dysfunction in neuronal 
communication. Defects in synaptic pruning, developmental adaptation to 
environmental stimuli and neuronal connectivity are thought to underlie this disorder 
(Feinberg 1982; Goto and Lee 2011; Marenco et al. 2011; Sui et al. 2011). 
Glutamatergic hypofunction is a prominent feature of the disorder (Sodhi et al. 2008). 
Earlier studies implicated abnormalities in NMDA-type glutamate receptor function, 
whereas more recent literature point to involvement of AMPA-type glutamate 
receptors in the pathophysiology of schizophrenia (Dracheva et al. 2005; Hammond 
et al. 2010; Meador-Woodruff et al. 2001; O'Connor et al. 2007). In particular, a 
recent study using endosomes isolated from post-mortem tissue found abnormal 
forward trafficking of AMPA receptors in the frontal cortex of schizophrenia patients 
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(Hammond et al. 2010). One of the auxiliary proteins involved in regulating AMPAR 
traffic to synapses is stargazin (Kato et al. 2010), encoded by the CACNG2 gene. 
Several recent publications reinforce the possible role of stargazin dysfunction in 
schizophrenia. The CACNG2 gene localizes to a region of chromosome 22q13.1 
implicated in schizophrenia (Jorgensen et al. 2002) and alterations in this region 
were associated with a specific subgroup of patients. Tests from post-mortem brain 
samples showed alterations in the CACNG2 copy number (Wilson et al. 2006) and 
also in stargazin mRNA in schizophrenic brains (Beneyto and Meador-Woodruff 
2006). 
Treating neurodevelopmental disorders still presents many challenges to 
neurologists. It is currently believed that if specific neuroplasticity deficits are 
pinpointed, therapies that modify neuroplasticity could complement current therapies 
to improve the treatment of patients suffering from these pathologies.  
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Objectives of the present study 
Stargazin was the first transmembrane protein found to interact with AMPAR 
(Chen et al. 2000). Numerous studies characterized the role of stargazin in AMPAR 
trafficking and synaptic insertion and found that stargazin phosphorylation is 
essential to modulate these parameters during Hebbian plasticity. Homeostatic 
synaptic scaling is a form of plasticity that stabilizes neuronal connections as it 
prevents runaway excitation or inhibition caused by Hebbian plasticity. Homeostatic 
plasticity is expressed by changes in the postsynaptic accumulation of AMPAR 
however the role of stargazin in this process has not been addressed before. 
Therefore, we pursued the following objectives: 
1- We investigated the role of stargazin in synaptic scaling in cultured cortical 
neurons. Stargazin expression was manipulated either by shRNA-mediated 
knockdown or over-expression experiments and the scaling of excitatory synapses 
was achieved pharmacologically by chronic activity inhibition with TTX. 
2- We examined the role of stargazin in the development and remodelling of the 
retinogeniculate synapse by performing acute slice recordings to quantify AMPAR 
synaptic responses, as well as examine the connectivity in stargazer mice.  
3- We determined how stargazin phosphorylation is regulated and regulates 
homeostatic plasticity both in vitro and in vivo using two phospho-mutant forms of 
stargazin that we over-expressed in cortical neurons. Also, stargazin phosphorylation 
at two specific serine residues present at the C-terminal tail was assessed after 
synaptic scaling was induced or after experience-dependent plasticity of the 
retinogeniculate synapse induced by LDR. 
 
Our findings provide the first evidences for the importance of stargazin in 
homeostatic plasticity.  
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Antibodies 
 
Table 2 – Primary antibodies used in this study. 
ICC – Immunocytochemistry 
WB – Western Blot 
 
 
 
 
 
 
 
 
 
 
 
 
PRIMARY ANTIBODIES APPLICATION (DILUTION) SOURCE 
Actin WB (1:5000) Sigma (Sintra, Portugal) 
CaMKII alpha WB (1:2000) Sigma (Sintra, Portugal) 
CaMKII beta WB (1:500) Santa Cruz 
GAPDH WB (1:5000) Abcam (Cambridge, UK) 
GFP WB (1:1000) MBL International (MA, USA) 
GluA1 WB (1:1000) Millipore (MA, USA) 
GluA1 N-terminal ICC (1:200) kind gift from Dr. Andrew Irving 
GluA2 WB (1:1000) Millipore (MA, USA) 
Human Transferrin Receptor WB (1:1000) Invitrogen (UK) 
MAP2 ICC (1:5000) Abcam (Cambridge, UK) 
Phopho-Stargazin S239/240 WB (1:500) Millipore (MA, USA) 
Phospho-CaMKII Thr286 WB (1:500) Cell Signalling (MA, USA) 
Phospho-GluA1 S831 WB (1:5000) Tocris Bioscience (Bristol, UK) 
Phospho-GluA1 S845 WB (1:1000) Millipore (MA, USA) 
Phospho-Serine PKC 
Substrates WB (1:500) Cell Signalling (MA, USA) 
PSD95 ICC (1:200) Affinity BioReagents (Golden, CO) 
Stargazin 
WB (1:750) 
ICC (1:200) 
Abcam (Cambridge, UK) 
TARP γ4 WB (1:2000) Abcam (Cambridge, UK) 
VGLUT1 ICC (1:100000) Millipore (MA, USA) 
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Table 3 – Secondary antibodies used in this study. 
SECONDARY ANTIBODIES APPLICATION (DILUTION) SOURCE 
Alexa 488-conjugated 
anti-rabbit 
ICC (1:500) Molecular Probes (Leiden, The Netherlands) 
Alexa 568-conjugated 
anti-sheep 
ICC (1:500) Molecular Probes (Leiden, The Netherlands) 
Alexa 594-conjugated 
anti-rabbit 
ICC (1:200) Molecular Probes (Leiden, The Netherlands) 
Alexa 647-conjugated 
anti-guinea pig 
ICC (1:500) Molecular Probes (Leiden, The Netherlands) 
Alexa 647-conjugated 
anti-mouse 
ICC (1:500) Molecular Probes (Leiden, The Netherlands) 
Alkaline phosphatase-
conjugated anti-mouse WB (1:20000) 
GE Healthcare (Carnaxide, 
Portugal) 
Alkaline phosphatase-
conjugated anti-rabbit WB (1:20000) 
GE Healthcare (Carnaxide, 
Portugal) 
Alkaline phosphatase-
conjugated anti-rabbit light-
chain specific 
WB (1:10000) Jackson ImmunoResearch (Pennsylvania, USA) 
AMCA-conjugated anti-
chicken ICC (1:200) 
Jackson ImmunoResearch 
(Pennsylvania, USA) 
Texas Red-conjugated 
anti-mouse 
ICC (1:200) Molecular Probes (Leiden, The Netherlands) 
ICC – Immunocytochemistry 
WB – Western Blot 
 
 
 
Chapter 3 experimental procedures 
 
Constructs and primers for neuronal transfection 
Stargazin wildtype plasmid was a kind gift from Dr. Veritty Letts (Jackson 
Laboratory, USA).  Stargazin phosphomutants, S9A and S9D, were a kind gift of Dr. 
Susumu Tomita (University of Yale, USA). 
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For the generation of the short-interfering RNA construct, pll3.7shRNA, the following 
DNA oligonucleotides:  
5’-TGAAGAACGAGGAAGTTATGTTCAAGAGACATAACTTCCTCGTTCTTCTTTTTT-3’ and 
5’-ACCTTCAATACTGGGTAAGGAAGTTCTCTCCTTACCCAGTATTGAAGGAAAAAA-3’ 
were annealed and subcloned into the XhoI and HpaI sites of the pll3.7 vector. 
Stargazin shRNA resistant construct was prepared with the QuikChange II XL-site-
directed mutagenesis kit (Stratagene), using stargazin constructs that were mutated 
in two nucleotides to produce silent mutations on stargazin: 
GAAAAACGAGGAGGTTATG. 
 
Cortical neuron cultures (high and low-density) 
Primary cultures of rat cortical neurons were prepared from the cortices of E18 
Wistar rat embryos, after treatment with trypsin (0.06%, 15 min, 37 ºC; GIBCO 
Invitrogen), in Ca2+- and Mg2+-free Hank’s balanced salt solution (HBSS: 5.36 mM 
KCl, 0.44 mM KH2PO4, 137 mM NaCl, 4.16 mM NaHCO3, 0.34 mM Na2HPO4.2H2O, 
5 mM glucose, 1 mM sodium pyruvate, 10 mM HEPES and 0.001% phenol red). 
Cortical cells were washed with HBSS 6 times. Cells were plated in neuronal plating 
medium (MEM supplemented with 10% horse serum, 0.6% glucose and 1 mM 
pyruvic acid) in 6 well plates (1.04x105 cells/cm2), coated with poly-D-lysine (0.1 
mg/ml). After 2-4h the medium was replaced by fresh Neurobasal medium 
supplemented with SM1 (1:50), 0.5 mM glutamine and 0.12 mg/ml gentamycin. 
For imaging purposes, low-density cortical cells were plated at a final density of 3.5 
x 105 cells/dish on poly-D-lysine-coated coverslips, in 60 mm culture dishes, in 
neuronal plating medium. After 2-3 h, coverslips were flipped over an astroglial 
feeder layer. These neurons grew face down over the feeder layer but were kept 
separate from the glia by wax dots on the neuronal side of the coverslips. To prevent 
the overgrowth of the glial cells, neuron cultures were treated with 5 µM cytosine 
arabinoside after 3 days in vitro (DIV). Cultures were fed twice a week and 
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maintained in Neurobasal medium supplemented with B27 supplement, in a 
humidified incubator of 5% CO2, at 37° C. To induce synaptic scaling, neurons were 
treated with 1 µM TTX for 48 h at DIV 8-9. 
 
Neuron transfection  
Constructs were recombinantly expressed in primary cultures of cortical neurons 
using the calcium phosphate transfection protocol [adapted from (Jiang et al. 2004)]. 
Briefly, a CaCl2 solution (2.5 M in 10 mM HEPES) was added, drop-wise, to plasmid 
DNA to a final concentration of 250 mM CaCl2. This was then added to an 
equivalent volume of HEPES-buffered transfection solution (274 mM NaCl, 10 mM 
KCl, 1.4 mM Na2HPO4, 11 mM dextrose, and 42 mM HEPES, pH 7.2). The mixture 
was vortexed gently and incubated at room temperature for 30 min for the 
precipitates to develop. The precipitated DNA was added drop-wise to the 
coverslips, previously transferred into a 12-well plate containing conditioned 
medium, and the cultures were incubated for 1.5 h in the presence of kynurenic acid 
(2 mM). To destroy DNA precipitates, each coverslip was transferred to a fresh well 
of the 12-well plate containing 1 ml of culture medium with kynurenic acid (2 mM), 
slighltly acidified with HCl (~5 mM final concentration), and the plate was incubated 
at 37°C in 5% CO2 for 15 min. Coverslips were then transferred back into the 
original astroglial plate and the plasmids were allowed to express.  
 
Preparation of cortical culture extracts 
Cortical cultures were washed twice with ice-cold PBS and were then lysed with 
TEEN buffer (25 mM Tris-Cl, pH 7.4, 1 mM EDTA, 1 mM EGTA, 150 mM NaCl and 
1% Triton X-100) supplemented with 50 mM sodium fluoride (NaF), 1.5 mM sodium 
orthovanadate (Na3VO4) and the cocktail of protease inhibitors. Cell lysates were 
incubated on ice for 10 min and then sonicated for 30 seconds. After centrifugation 
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at 16,100xg for 10 min at 4ºC, protein in the supernatants was quantified using the 
Bicinchoninic acid (BCA) assay kit, and the samples were denaturated with 2× 
concentrated denaturating buffer (125 mM Tris, pH 6.8, 100 mM glycine, 4% SDS, 
200 mM DTT, 40% glycerol, 3 mM Na3VO4, and 0.01% bromophenol blue). Extracts 
were incubated for 15 min at room temperature before applying to the gel and were 
not subjected to a boiling step to avoid protein aggregation.  
 
Gel electrophoresis and western-blot 
Samples were resolved by SDS-PAGE in 8% or 11% polyacrylamide gels. For 
western blot analysis, proteins were transferred at 40V, overnight, onto a PVDF 
membrane (Millipore, Madrid, Spain). The membranes were blocked for 1 hour with 
5% (w/v) BSA or skim milk and 0.1% Tween 20 in TBS (20 mM Tris, 137 mM NaCl, 
pH 7.6) (TBS-T), and probed during 1 hour, at room temperature, or overnight, at 
4ºC, with the primary antibody. Following several washes with TBS-T, the 
membranes were incubated for 45 minutes, at room temperature, with alkaline 
phosphatase-conjugated IgG secondary antibody (anti-mouse or anti-rabbit, 
depending on the primary antibody host-species). The membranes were then 
washed again and the signal was developed by the enhanced chemifluorescence 
method (ECF) on a Storm 860 Gel and Blot Imaging System (GE Healthcare, 
Carnaxide, Portugal). 
 
 
Immunocytochemistry, culture imaging and quantitative fluorescence 
analysis   
Neurons were fixed for 15 min in 4% sucrose/4%paraformaldehyde in PBS at room 
temperature, and permeabilized with PBS + 0.25% Triton X-100 for 5 min, at 4ºC. 
The neurons were then incubated in 10% BSA in PBS for 30 min at 37ºC to block 
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nonspecific staining, and incubated with the indicated primary antibodies diluted in 
3% BSA in PBS (2h, 37ºC or overnight, 4ºC). After washing in PBS, cells were 
incubated with the secondary antibody diluted in 3% BSA in PBS (45 min, 37ºC). 
After several washes in PBS, the coverslips were mounted using fluorescent 
mounting medium from DAKO (Glostrup, Denmark). For labeling surface GluA1-
containing receptors, live neurons were incubated for 10 min at room temperature 
with the GluA1 N-terminal antibody diluted in conditioned medium. Each coverslip 
was briefly rinsed in PBS, fixed and probed as described above.  
Imaging was performed on a Zeiss Axiovert 200 M microscope, using a 63x-1.4 NA 
oil objective. For quantification, sets of cells were cultured and stained 
simultaneously, and imaged using the same exact settings. Images were quantified 
using image analysis software (ImageJ). The region of interest was randomly 
selected and the dendritic length was measured using the MAP2 staining. For 
quantifying the GluA1 signal, fields for imaging were chosen by the GFP channel, for 
the presence of transfected, GFP-positive, neurons. Surface GluA1 and stargazin 
digital images were thresholded such that recognizable clusters were included in the 
analysis. The Image J function “analyze particles“ allowed us to calculate cluster 
intensity, number, and area of the clusters for the selected region. The synaptic 
GluA1 and stargazin clusters were selected by their overlap with thresholded and 
dilated PSD95 signal. Measurements were performed in a minimum of three 
independent preparations, and at least 8 cells per condition were analyzed for each 
preparation. Imaging and measurements were performed blind to condition. 
 
Statistical Analysis 
The immunoreactivity obtained in each experimental condition was calculated as a 
percentage of the control. Data are presented as mean ± SEM of at least three 
different experiments, performed in independent preparations. Statistical analysis of 
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the results was performed using paired student t-test, one-way or two-way ANOVA 
analysis followed by either Dunnett’s or Bonferroni post test: n.s. non significant, 
***p<0.001, **p<0.01, *p<0.05. 
 
 
Chapter 4 experimental procedures 
 
Animals 
Stargazer -/+ mice (B6C3Fe-a/a-Cacng2, Jackson Labs) were backcrossed with 
C57BL/6 to overcome the RD mutation present in the original mixed strain. 
Heterozygous mice were mated and the litters were genotyped for Cacng2 and Rd 
transcripts. Stargazer -/- and stargazer +/+ littermates were used in this study. 
C57BL/6 mice were also used in this study for dark-rearing experiments. All the 
procedures were reviewed and approved by the IACUC at Children's Hospital, 
Boston.  
 
Dark Rearing 
Control animals for dark-reared experiments were raised in microisolator cages in 
standard animal facility conditions under a 12 h light/12 h dark cycle. For long-term 
experiments, mice were reared in complete darkness from p1 or earlier to avoid 
concerns that visual stimuli presented through closed eyelids (Akerman et al. 2002) 
would affect results. Dark-reared pups and their mothers were placed in a light-tight 
container in which luminance was measured at <0.02 lux by photometer (Light 
ProbeMeter, Extech Instruments). Experimental dark-reared animals were 
transferred to the lab for slice preparation in an opaque box to minimize light 
exposure prior to sacrifice.  
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LGN slice preparation 
Wildtype and mutant animals (Stargazer; Jackson Labs, Bar Harbor, ME) were bred 
from heterozygous parents. The stargazer mouse line has been bred to remove the 
rd1 mutation that is the most common cause of retinal degeneration in mice. 
Genotypes were determined by PCR and confirmed by observation of an ataxic 
phenotype (for mutants).  Mice (aged p11-p32) were anesthetized using the inhalant 
isoflourane and decapitated.  The brain was removed, placed in a 4oC choline based 
cutting solution. The two hemispheres were first separated by an angled cut (10°–
20°) relative to the cerebral longitudinal fissure. The medial aspect of the brain was 
then glued onto a tilted (15°–25°) cutting stage of a vibratome (Leica VT1000S).  
The parasagital slice orientation contains several millimeters of the optic tract and 
preserves a high level of connectivity between the retinal ganglion axons and 
geniculate neurons in the dorsal lateral geniculate (dLGN). Slices were allowed to 
recover at 31o C for 20 minutes in the choline cutting solution and for 20-40 minutes 
in isotonic saline. Oxygenation (95% O2/5% CO2) was continuously supplied during 
cutting and recovery. Saline: (in mM): NaCl 125, NaHCO3 25, glucose 25, KCl 2.5, 
NaH2PO3 1.25, MgCl2 1, and CaCl2 2. Choline: (in mM): NaCl 78.3, NaHCO3 23, 
glucose 23, choline chloride 33.8, KCl 2.3, NaH2PO3 1.1, MgCl2 6.4, and CaCl2 0.45. 
 
Electrophysiology 
Whole-cell voltage-clamp recordings of thalamic relay neurons from the dorsal LGN 
were performed as previously described (Chen and Regehr 2000). Cells located in 
the proximal 2/3 of the dLGN relative to the optic tract (lateral and caudal aspects of 
the dLGN) were preferentially recorded from since they were more likely to have 
intact connections with the optic tract. Recording electrodes of 1.2-2.2 MΩ 
resistance were filled with a CsF-based internal solution of (in mM): CsF 35, CsCl 
100, EGTA 10, HEPES 10, and pH 7.32 (with CsOH).  0.1 mM D600 
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(methoxyverapamil hydrochloride; Tocris, MO) was added to block voltage gated 
calcium channels.  Slices were continuously perfused with isotonic saline and the 
GABAA receptor antagonist, 20µM bicuculline (Tocris, MO) to inactivate local 
inhibitory circuits. A pair of glass filled saline electrodes was placed up to 1 mm 
away in the optic tract. Prior to recording from a given cell, the stimulating electrodes 
were moved to the location giving the largest postsynaptic response.  Single fiber 
determination was performed as previously described (Chen and Regehr 2000); 
single fiber measurements included a second input from a given cell if it was 
recruited during incremental increase in stimulus intensity (0.25 µA) and clearly 
resolvable (5x greater in amplitude) from the first input.  Maximal current response 
was obtained by increasing the stimulus intensity until no further rise in the current 
response was observed. 
 
Evaluation of synaptic pruning  
Our estimate of afferents is not exact, and likely an underestimate due to cut or 
damaged fibers and dendrites during slice preparation.  However, as these factors 
are likely to be similar across disparate genotypes, we stress the trend more than 
determination of an absolute number. As previously described (Hooks and Chen 
2006) we estimated the afferent number based on the size of the single fiber current 
as a percent of the total current for that cell, an index designated as fiber fraction.  
This allowed us to gather estimates for each fiber from each cell, making differences 
in fiber number statistically testable.  
 
EPSC I-V analysis 
Whole-cell voltage-clamp recordings of thalamic relay neurons from the dorsal LGN 
were performed. AMPAR EPSCs were recorded in the presence of 20µM CPP to 
block all NMDAR-mediated currents and spermine (Tocris, MO) was added to the 
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internal solution as the internal polyamine. The holding potential voltage was 
changed in 10mV steps between -70mV and +70mV.  This protocol was repeated 5 
times and AMPAR-peak amplitudes were averaged and plotted against membrane 
potential. The rectification index was calculated by dividing the positive current at 
+40mV by the negative current value obtained at -60mV. 
 
Total dLGN lysates 
dLGN were dissected from acute slices from stargazer mutant and wildtype mice 
and the protein extracted in TEEN buffer supplemented with a protease inhibitors 
cocktail (Roche) and phosphatase inhibitors (Sigma) for total protein expression 
analysis. 
  
Gel shift de-glycosylation assay 
dLGN tissue samples were incubated with EndoH or PNGase F (New England 
Biolabs, USA) for 2h at 37ºC, as indicated in the manufacturers protocol, and the 
reaction was stopped by the addition of denaturing solution. Gel shift analysis was 
performed taking into consideration that PNGase F is a non-specific N-Glycosidase, 
removing all the oligosaccharides from surface proteins and leading to the biggest 
shift in the mobility of analyzed proteins. EndoH will cleave only less complex 
oligosaccharides from surface proteins that remain in the intracellular compartments. 
Mature surface proteins are resistant to EndoH treatment. 
 
Lambda phosphatase assay 
dLGN tissue samples were prepared in TEEN buffer not supplemented with 
phosphatase inhibitors and 30µg of protein were incubated at 30ºC for 2h in the 
presence of lambda phosphatase (New England Biolabs, USA) according to the 
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manufacturer protocol. The reaction was stopped by the addition of denaturing 
solution and the samples were resolved by SDS-PAGE.   
 
Immunoprecipitation 
For coimmunoprecipitations, 6-9 mice dLGNs were pooled for each condition. Snap-
frozen tissue was homogenized in a lysis buffer containing TEEN (in mM): 25 Tris-
HCl, pH 7.4, 1 EGTA, 1 EDTA, 150 NaCl and 1% Triton X-100, protease inhibitors 
(Roche) and 1 NaF and 1 Na-orthovanadate and after 30 minutes incubating on ice, 
the samples were centrifuged at 15,000×g for 20 minutes. The supernatants (250-
300 µg of protein) were incubated with 1-2 µg of affinity-purified antibodies and 50 µl 
of protein A-sepharose beads. After 6 washes with 1% Triton X-100 in TEEN buffer, 
bound proteins were eluted from the resin by adding sample buffer and analyzed by 
SDS-PAGE and Western blotting. 
 
Statistical analysis 
All data are given as mean ± SEM. Normality of current amplitude distributions was 
tested by comparison to a theoretical normal distribution using a Kolmogorov-
Smirnov test. Statistical significance was tested using Kruskal-Wallis or Mann-
Whitney tests as maximal current and single fiber current values were typically not 
normally distributed.  
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Introduction 
Neurons can receive, integrate and transmit information from the 
environment to different areas of the brain. Neuronal connections, known as 
synapses, can change and adapt their properties in response to external stimuli. The 
most studied form of activity-dependent adaptation of synaptic strength is Hebbian 
plasticity, which includes long-term potentiation (LTP) and long-term depression 
(LTD). Dynamic regulation of synaptic α-amino-3-hydroxy-5methyl-4-
isoxazolepropionic acid receptors (AMPAR) has emerged as a critical mechanism 
underlying many forms of synaptic plasticity in different areas of the brain.  
AMPAR are ligand-gated ion channels composed of two conformational 
distinct dimers organized as tetramers of GluA1-4 subunits, and subunit composition 
dictates channel gating properties and ion permeability (Santos et al. 2009). When 
LTP is induced, specific synapses are strengthened by the insertion of AMPAR and 
become more easily excitable. In order to prevent neuronal network from reaching 
runaway excitation, neurons have developed homeostatic mechanisms that sense 
and prevent saturated synapses from undergoing further potentiation, maintaining 
the stability of the network activity within a dynamic range for effective information 
transfer (Turrigiano 2008).  
Synaptic scaling is one form of homeostatic plasticity initially demonstrated in 
cortical and spinal cord neuronal cultures via pharmacological manipulation of 
neuronal activity (O'Brien et al. 1998; Turrigiano et al. 1998). A fundamental feature 
of synaptic scaling is to globally scale up or down the strength of excitatory 
synapses onto a given neuron by the same multiplicative factor maintaining the 
differences in synaptic strength. The synaptic scaling events are characterized by 
global changes in AMPAR present at synapses (Turrigiano 2008). 
AMPAR trafficking and insertion at the synapse are tightly regulated by 
multiple mechanisms. Stargazin was the first transmembrane protein found to 
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interact with AMPAR (Chen et al. 2000), regulating their delivery to the cell surface, 
and, by its association with PSD95, targeting these receptors to the synapse (Opazo 
et al. 2010). Moreover, AMPAR deactivation and desensitization, polyamine block 
and magnitude of response to various agonists, like kainate, are affected by 
stargazin (Kato et al. 2010). While the role of stargazin in Hebbian plasticity 
mechanisms has already been explored, the role of AMPA receptor auxiliary 
proteins in homeostatic plasticity is still unclear.  
In this chapter, we tested whether stargazin participates in homeostatic 
synaptic plasticity by investigating how loss of stargazin function affects TTX-
induced synaptic scaling in cultured cortical neurons and in experience-dependent 
plasticity at the retinogeniculate synapse. We found that chronic activity blockade 
increases stargazin levels and stargazin phosphorylation state, leading to increased 
synaptic stargazin accumulation coincident with AMPAR increased surface 
expression. Additionally, we found that PKC and CaMKII, which phosphorylate 
stargazin, are activated upon synaptic scaling. Importantly, stargazin 
phosphorylation at the C-terminal tail regulates synaptic scaling, as expression of 
stargazin phopho-mutants disrupts TTX-induced GluA1 increased surface 
expression.  
 
Results 
Stargazin mediates synaptic scaling 
Synaptic scaling is a form of homeostatic plasticity by which neurons adjust 
their synaptic strength by changing AMPAR content at excitatory synapses in order 
to maintain stable neuronal output during alterations in network activity (Turrigiano 
2008). In our study, homeostatic scaling was modeled in cortical neurons, kept in 
culture for 11 days, to minimize the contribution of presynaptic mechanisms for 
homeostatic plasticity (Wierenga et al. 2006). Low-density cortical neurons were 
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treated for 48h with the voltage-gated Na+ channel blocker tetrodotoxin (TTX, 1 µM), 
to block action potential generation, and surface AMPAR content was quantified by 
incubating live neurons with an N-terminal specific antibody for the GluA1 subunit 
(Fig. 3.1A).  
 
Fig. 3.1- Stargazin is increased in cortical neurons by TTX-induced synaptic 
scaling. 
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Low-density cortical neurons were stimulated at DIV9 with TTX (1µM, 48h) and 
surface GluA1 was stained by immunocytochemistry (A). Confirming the induction of 
synaptic scaling, surface GluA1 levels were highly increased by TTX stimulation (B). 
Cortical neurons whole-cell lysates were probed with anti-stargazin and anti-GAPDH 
antibodies (C). Quantification of three independent experiments showing a 20.3 ± 
0.02% increase in total levels of stargazin after TTX stimulation (D). To analyze 
stargazin distribution and synaptic localization in cortical neurons, low-density 
cultures were stimulated with TTX for 48h and stargazin localization was analyzed 
by immunocytochemistry (E). Total stargazin clusters were analyzed along MAP-2 
positive neurites and cluster fluorescence intensity, area and number per defined 
length were quantified using Image J (F). The synaptic stargazin clusters were 
selected by their overlap with the postsynaptic marker PSD-95 and quantified (G). 
Activity deprivation increased total (F) and synaptic (G) stargazin clustering. N=30 
cells each condition, three independent experiments. 
 
 
As previously described (Wierenga et al. 2005), TTX treatment significantly 
increased surface GluA1 cluster fluorescence intensity, area and number in low-
density cortical neurons (Fig. 3.1B).  
Stargazin is an auxiliary subunit of AMPAR promoting AMPAR trafficking and 
insertion into synapses (Jackson and Nicoll 2011). In order to test if stargazin levels 
also change during TTX-induced up-regulation of AMPAR we analyzed stargazin 
expression in TTX-stimulated cortical neurons and found a significant increase in 
total stargazin levels (Fig. 3.1C,D). Also, endogenous stargazin localization and 
accumulation along dendrites was analyzed by immunofluorescence (Fig. 3.1E). 
Chronic blockade of neuronal activity with TTX resulted in an accumulation of 
stargazin along dendrites, as quantified by an increase in intensity, area and number 
of stargazin clusters (Fig. 3.1F). Moreover, stargazin localization at synaptic sites 
was measured by its co-localization with an excitatory postsynaptic marker, PSD95 
(Fig. 3.1G). TTX stimulation increased stargazin accumulation at synaptic sites 
suggesting a role of stargazin in AMPAR trafficking during synaptic scaling. 
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Stargazin is essential for synaptic scaling 
To test whether stargazin is required for this form of homeostatic plasticity, a 
shRNA sequence against stargazin mRNA was introduced in the 
pLentiLox3.7(CMV)EGFP vector and transfected into cortical neurons (Fig. 3.2A). 
The stargazin-shRNA construct (shRNA#4) efficiently decreased the expression of 
stargazin to 32.2% ± 0.03 of the endogenous expression level in transfected cortical 
neurons (Fig. 3.2B,C), identified by the expression of GFP from the bicistronic 
pLentiLox3.7 vector.  
To investigate the effect of stargazin knockdown in synaptic scaling, we 
treated cultured cortical neurons transfected with control shRNA (mock) or stargazin 
shRNA#4 with TTX for 48 h, and live stained the cultures for cell surface GluA1, 
using an antibody against the extracellular N-terminal region of GluA1. In control 
conditions stargazin knockdown caused a 48.4 ± 0.05% decrease in total surface 
GluA1 levels in control neurons (Fig. 3.2D,E), proving once again efficient 
knockdown of stargazin in this preparation. Our results show that TTX treatment 
increases the cell surface GluA1 in mock-transfected cells, but not in cells 
expressing shRNA#4 (Fig. 3.2D). Importantly, synaptic scaling could be restored by 
the expression of an shRNA resistant form of stargazin. These results demonstrate 
that stargazin is essential for synaptic scaling. 
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Fig. 3.2- Stargazin is essential for synaptic scaling.  
Cortical neurons were transfected with pLL-mock or pLL-shRNA#4 and total levels 
of stargazin were analyzed by immunocytochemistry after 7 days of transfection (A). 
Representative images of stargazin distribution in transfected DIV11 cortical 
neurons (B) and quantification of total intensity of stargazin clusters, showing 
efficient knockdown of the protein by the shRNA tested (67.8% ± 0.03) (C). Synaptic 
scaling was blocked in cortical neurons transfected with shRNA#4 and could be 
rescued by the expression of a stargazin mutant refractory to this shRNA (D). 
Surface GluA1 immunocytochemistry was performed in DIV11 cortical neurons 
transfected at DIV4 and stimulated with TTX at DIV9; total surface intensity of GluA1 
clusters was quantified (E) from n≥24 cells imaged from three independent 
experiments. 
 
Signaling pathways in synaptic scaling 
The stargazin C-terminal tail is phosphorylated at nine serine residues by 
PKC and CaMKII (Tomita, S. et al. 2005). Stargazin phosphorylation controls 
stargazin interaction with PSD-95 and has been implicated in Hebbian forms of 
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synaptic plasticity (Tomita, S. et al. 2005) and in the diffusional trapping of AMPAR 
at synaptic sites (Opazo et al. 2010). 
 
Fig. 3.3- Signaling pathways in synaptic scaling. 
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Cortical neurons were stimulated with TTX for 48h and the levels of different 
phospho-proteins were analyzed by western blot. Stargazin phosphorylation in 
S239/240 is significantly increased after TTX stimulation (16.9 % ± 0.03). 
Representative western blot (A) and quantification of three independent experiments 
(B). PCK activation was quantified by looking at the phosphorylation state of several 
PCK substrates (C), and a significant increase in PCK activation was observed upon 
activity blockade for 48h (28.1% ± 0.05%, N=3) (D). CaMKII beta subunit is 
phosphorylated in synaptic scaling induced by TTX stimulation. Representative 
western blots of p-CaMKII, tCaMKII alpha and tCaMKII beta subunits (E) and 
quantification of the phosphorylation levels of CaMKII beta (top) and CaMKII alpha 
(bottom) isoforms in three independent experiments. (Paired t-test: * p<0.05). 
 
 
To gain deeper understanding into the relationship between stargazin and 
homeostatic synaptic scaling, we tested the hypothesis that stargazin 
phosphorylation is important for AMPAR accumulation in synapses after chronic 
activity blockade with TTX. Previous studies have demonstrated that 
phosphorylation of stargazin increases the localization of the protein and AMPAR to 
the synapse. In fact, we observed a higher amount of stargazin co-localized with 
PSD-95 after TTX treatment (Fig 3.1G). Thus we asked whether there is a change in 
stargazin phosphorylation with TTX treatment. In order to test this, we looked at the 
phosphorylation of two previously identified stargazin serine residues (S239/S240) 
using a phospho-specific antibody.  Figure 3.3A-B demonstrates that the level of 
phosphorylated stargazin increases in cortical neurons subjected to chronic activity 
blockade. Either PKC or CaMKII could be responsible for the phosphorylation of 
S239/S240 so we tested which signaling cascades are activated during synaptic 
scaling. To test for PKC activation we quantified endogenous levels of cellular 
proteins phosphorylated at serine residues surrounded by PKC consensus 
sequences (Fig. 3.3C). Surprisingly, 48h TTX stimulation increased PKC activation 
by 28.1% ± 0.05 (Fig. 3.3D). 
Some evidences have accumulated involving CaMKII function in synaptic 
scaling (Thiagarajan et al. 2002). Chronic activity blockade has opposite effects on α 
and β isoforms of CaMKII. In hippocampal neurons CaMKIIβ is upregulated by TTX 
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(Thiagarajan et al. 2002). Recently, shRNA mediated knockdown of CaMKIIβ 
blocked synaptic scaling further reinforcing the role of this subunit in inactivity-
induced GluA1 increase (Groth et al. 2011). Based upon these results we quantified 
the phosphorylation levels of both α and β isoforms of CaMKII (Fig. 3.3E). 
Consistent with a more prevalent role of CaMKIIβ in synaptic scaling, we observed a 
significant increase in the phosphorylation of this isoform and not of CaMKIIα (Fig. 
3.3F).  
AMPAR insertion at the synapse is thought to depend on specific 
phosphorylation events. In the case of the GluA1 subunit, phosphorylation of two 
serine residues at the cytoplasmatic tail regulates AMPAR biophysical properties 
and localization. The phosphorylation at S831 is mediated by the activation of both 
PKC and CaMKII, which are active in our chronic inactivity conditions (Fig. 3.3C-F), 
and results in increased single channel conductance; phosphorylation of S845 by 
PKA enhances mean open probability, increasing extra-synaptic insertion of AMPAR 
(reviewed in (Lee 2006)). The phosphorylation of GluA1 at S845 was recently 
implicated in multiplicative homeostatic plasticity of visual cortex, where it was 
demonstrated that this phosphorylation event is necessary but not sufficient for 
homeostatic plasticity to occur (Goel et al. 2011).  
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Fig. 3.4- GluA1 phosphorylation is not responsible for TTX-induced increase in 
AMPAR surface accumulation. 
Representative western blots (A and C) and quantification of GluA1 phosphorylation 
at two important serine residues. Neither S831 (B) nor S845 (D), present at the C-
terminal tail of GluA1, shows altered phosphorylation levels after 48h of inactivity. 
(Paired t-test: ns – not significantly different, N=5). 
 
We sought to investigate if increased GluA1 accumulation at the surface of 
cortical neurons upon TTX-induced synaptic scaling resulted from increased GluA1 
phosphorylation at S831 or S845. Surprisingly, we found no significant changes in 
GluA1 phosphorylation on either of the residues tested, at least 48h after TTX was 
added to the cortical neurons (Fig. 3.4A-D). This result does not rule out the 
importance of GluA1 phosphorylation in synaptic scaling, which may be important for 
the initial phases of synaptic scaling induction and not responsible for the continuous 
AMPAR accumulation/ maintenance at synapses during synaptic scaling. 
From these results we can conclude that TTX stimulation increases the 
activity of PCK and CaMKII, increasing stargazin phosphorylation and leading to an 
accumulation of AMPAR at the surface of cortical neurons. 
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Stargazin phosphorylation is required for synaptic scaling 
To further test if stargazin phosphorylation mediates the role of stargazin in 
synaptic scaling, we co-transfected cortical neurons with GFP together with either 
wildtype stargazin or with mutant forms of stargazin in which the nine serine 
phosphorylation sites were genetically altered (Tomita et al. 2005) (Fig. 3.5A). In the 
phosphodead mutant of stargazin (S9A) the serine phosphorylation sites were 
mutated to alanine residues, to mimic the dephosphorylated protein, and replaced 
by aspartate residues in the phosphomimic mutant of stargazin (S9D) to mimic the 
phosphorylated protein.  
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Fig. 3.5- Stargazin phosphorylation is required for synaptic scaling. 
Cortical neurons were transfected with wt stargazin, phosphomimetic stargazin 
(S9D) or phosphodead stargazin (S9A) along with GFP and stimulated with TTX (A). 
Surface GluA1 (red) and PSD95 (blue) were analyzed by immunocytochemistry (B). 
Activity blockade induced an increase in total and synaptic surface GluA1 intensity 
and area in wt stargazin-transfected neurons, but over-expression of S9A and S9D 
mutant forms of stargazin blocked TTX induced GluA1 accumulation at the surface 
and synaptic sites (C-F). (blue -PSD95; red - GluA1NT; magenta: GluA1NT 
colocalized with PSD95). N=26 cells each condition from three independent 
preparations. (Two-way ANOVA, Bonferroni post-test. *** p < 0.001, ** p<0.01, * p 
<0.05, significantly different from control; # p<0.05, S9D CTR significantly different 
from STG CTR). 
 
Consistent with previously described studies, overexpression of wildtype 
stargazin or S9A did not affect the baseline levels of surface or synaptic GluA1 (Fig. 
3.5B-F), while overexpressing S9D increased the baseline levels of AMPAR at 
cortical neurons synapses.  If the regulation of stargazin phosphorylation is required 
for TTX-induced increase in surface GluA1 expression we would expect to disrupt 
synaptic scaling when over-expressing stargazin mutants. Figure 3.5 shows that 
when we expressed S9A mutant in neurons, the TTX effect on GluA1 surface and 
synaptic levels was blocked (Fig. 3.5B-F). Moreover, when the phosphomimetic 
mutant S9D was expressed, since GluA1 synaptic levels were already increased at 
baseline, TTX induced synaptic scaling was occluded (Fig. 3.5C-F). Altogether, 
these results strongly support that stargazin phosphorylation mediates synaptic 
scaling. 
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GluA2-containing AMPAR are differently regulated by stargazin 
The insertion of different subunits of AMPARs during homeostatic plasticity 
remains controversial and seems to be dependent on the model system or stimuli 
used to induce synaptic scaling (reviewed by: (Lee 2012)). To look at different 
AMPAR subunits at the surface of cortical neurons after synaptic scaling induction, 
we used biotinylation to isolate the entire surface population of AMPAR (Fig. 3.6A). 
As expected from the immunocytochemistry data, we observe an increase on GluA1 
surface accumulation upon chronic inactivity, but GluA2 subunit surface 
accumulation increases even further, resulting in a 21 ± 0.03% decrease in total 
GluA1/GluA2 ratio and a 25 ± 0.02% decrease in GluA1/GluA2 surface expression 
(Fig. 3.6B). This may be due to an accumulation of both GluA1-GluA2 and GluA2-
GluA3 heteromers at the surface of cortical neurons after 48h of inactivity. 
 
Fig. 3.6 – Both GluA1 and GluA2 containing AMPAR accumulate at the surface 
of cortical neurons upon chronic inactivity. 
(A) Representative western blots of total and surface fractions of DIV11 cortical 
neurons. (B) Chronic inactivity for 48h induces GluA2-contaning AMPAR 
accumulation at the surface of cortical neurons, resulting in a 25 ± 0.02% decrease 
in GluA1/GluA2 surface ration (bottom graph). Total GluA1/GluA2 ratio was 
significantly decreased by 21 ± 0.03% (top graph). (t-test, ** p<0.01, * p <0.05; N=3) 
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The role of stargazin in the trafficking of different AMPAR subunits is not fully 
clarified, as more than a decade ago Chen and colleagues showed that stargazin 
could interact with all AMPAR subunits in heterologous system (Chen et al. 2000), 
but it was later suggested that stargazin can control GluA2-containing receptors 
preferentially in neurons (Tomita et al. 2003). So we used biotinylation assays to test 
whether over-expression of stargazin phospho-mutants differently affects surface 
insertion of GluA1 and GluA2 subunits of AMPAR during chronic inactivity (Fig. 
3.7A,B). 
In fact, in agreement with our results from single-cell analysis (Fig. 3.5), the 
expression of stargazin phopho-mutants blocked TTX-induced GluA1 increase at the 
surface of neurons (Fig. 3.7C).  
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Fig. 3.7 - Stargazin phosphorylation mediates synaptic scaling of both GluA1 
and GluA2 AMPAR subunits.  
Representative Western blots of input (A) and biotinylated (B) fractions of DIV11 
cortical neurons. Over-expression of stargazin S9A prevents both GluA1 and GluA2 
increase in surface expression induced by TTX stimulation, whereas stargazin S9D 
mutant seems to occlude GluA1 trafficking specifically. Quantification of at least 4 
independent experiments is shown in panels C and D for GluA1 and GluA2 subunits, 
respectively. (Two-way ANOVA, Bonferroni post-test ** p<0.01, * p <0.05, 
significantly different from control). 
 
 
Interestingly, GluA2 subunit insertion was differentialy affected by the 
expression of the two stargazin phospho-mutants. Even though chronic inactivity 
induced by TTX could not increase GluA2 at the surface of cortical neurons 
transfected with S9A, neurons expressing the phosphomimetic stargazin mutant 
could still increase GluA2 content at the surface in response to TTX (Fig. 3.7D). Our 
data implicate stargazin phosphorylation in GluA2 insertion at the neuronal 
membrane, as the S9A mutant completely blocked synaptic scaling; however, in the 
presence of phosphorylated stargazin other interacting partners, like PICK1 or β3 
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integrins, may specifically regulate the GluA2 subunit insertion at the membrane. 
Indeed, PICK1 was recently shown to regulate synaptic scaling (Anggono et al. 
2011). 
 
 
Discussion 
 
Phosphorylation of Stargazin regulates synaptic scaling 
In this chapter we demonstrated for the first time that stargazin is important 
for synaptic scaling. Stargazin function in synaptic scaling was pinpointed by 
pharmacologically inducing AMPAR accumulation in cultured cortical neurons with 
TTX. We were able to show that stargazin is necessary for synaptic scaling 
induction (Fig. 3.2). Moreover stargazin phosphorylation was increased by chronic 
inactivity (Fig. 3.3A,B) and over-expression of stargazin phospho-mutants lead to 
complete blockade or occlusion of synaptic scaling (Fig. 3.5), showing that TTX-
induced AMPAR accumulation at synapses is dependent on stargazin 
phosphorylation. Stargazin phosphorylation at nine serine residues by PKC and 
CaMKII is regulated by neuronal activity and regulates Hebbian forms of synaptic 
plasticity (Tomita et al. 2005). Stargazin phosphorylation increases AMPAR 
immobilization at synaptic sites (Opazo et al. 2010) by increasing PSD95-stargazin 
interaction (Bats et al. 2007; Schnell et al. 2002; Sumioka et al. 2010). Indeed, we 
demonstrated for the first time that stargazin phosphorylation is necessary for 
synaptic scaling to occur in cortical neurons. Given that the same serine residues 
phosphorylation is involved in LTP and LTD and in synaptic scaling, it remains an 
open question whether there is a temporal regulation or site-specific phosphorylation 
in these two fundamentally different forms of plasticity. In fact, we were able to show 
that the phosphorylation of two of these nine serine residues is increased upon TTX 
stimulation (Fig. 3.3A,B). As synaptic scaling involves a constant insertion of 
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AMPAR at the surface of cortical neurons, with significantly higher AMPAR 
accumulation 4h after TTX application (Ibata et al. 2008), and the localization of the 
nine serine residues at the cytoplasmatic tail of stargazin is thought to work as a 
molecular rheostat where graded phosphorylation allows a precise and graded 
control of stargazin-AMPAR insertion at synaptic sites (Sumioka et al. 2010), it 
would be of particular interest to study the involvement of the other seven serine 
residues phosphorylation in synaptic scaling.  
 
AMPAR composition in synaptic scaling  
Chronic inactivity induced by TTX up-regulated stargazin and GluA2-
containing AMPAR. AMPARs containing the GluA2 subunit are impermeable to 
calcium and present a linear current-voltage relationship (Hollmann et al. 1991). 
GluA2 was previously shown to be required for synaptic scaling to occur in 
chronically inhibited cultured cortical neurons (Gainey et al. 2009). More than a 
decade from the discovery of stargazin as a regulator of AMPAR synaptic targeting, 
it remains an open question whether stargazin regulates AMPAR subunits 
differently.  Initially, it was demonstrated that stargazin could interact with all AMPAR 
subunits in heterologous system (Chen et al. 2000), but it was later suggested that 
stargazin could control GluA2-containing receptors preferentially in neurons (Tomita 
et al. 2003). Chronic inactivity induced by TTX stimulation resulted in a 25 ± 0.02% 
decrease in GluA1/GluA2 ratio at the surface of cortical neurons, due to a higher 
accumulation of GluA2-containing AMPAR. This effect is due to an increase in 
GluA2 total expression as total GluA1/GluA2 ratio also decreased 21 ± 0.03%. It 
would be very interesting to explore the relationship between stargazin and other 
GluA2 interacting partners in order to understand how the cell engages all of them to 
regulate synaptic scaling. 
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Signaling cascades involved in synaptic scaling 
Interestingly, both PKC and CaMKII, were shown, for the first time, to be 
mediators of synaptic scaling. Strikingly, similarly to other molecular pathways that 
regulate AMPAR trafficking, stargazin phosphorylation by PKC and CaMKII is yet 
another common pathway between Hebbian and homeostatic plasticity 
mechanisms. It remains to be clarified which are the activating factors of PKC and 
CaMKII that ultimately lead to AMPAR accumulation at synapses upon chronic 
inactivity but other surface molecules, like mGluR5 (Hu et al. 2010) or β3-integrins 
(Cingolani et al. 2008), were shown to be up-regulated upon TTX- induced synaptic 
scaling and could be responsible for the activation of PKC and the subsequent 
increase in stargazin phosphorylation. An interesting feature of CaMKII activation 
relates to a prominent role of the β subunit activation for this form of homeostatic 
plasticity. In fact, others had already drawn attention to β subunit of CaMKII in 
hippocampal synaptic scaling (Groth et al. 2011; Thiagarajan et al. 2002). This 
specific subunit of CaMKII regulates the localization of CaMKII α/β heteromers as it 
mediates direct interaction with actin, and consequently the synaptic localization of 
this kinase. Also the β subunit is activated by lower calcium concentrations, when 
compared to the α subunit, which means that upon chronic inactivity, CaMKII should 
localize more to spines and be active under very low rises in calcium influx. 
Interestingly, the phosphorylation of GluA1 subunit of AMPAR at S831, mediated by 
these kinases, is not altered during synaptic scaling (Fig. 3.4B). Our observation 
suggests a specific targeting of CaMKII towards stargazin over GluA1 in the 
regulation of AMPAR surface accumulation in synaptic scaling. Indeed, CaMKII 
signaling specificity at synapses towards robust phosphorylation of stargazin and not 
AMPAR or NMDAR subunits was shown before (Tsui and Malenka 2006). 
Also in accordance with our data, quantum dot analysis of AMPAR in the 
presence of a constitutively active form of CaMKII showed that AMPAR diffusion is 
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regulated by stargazin phosphorylation and independent of GluA1 S831 
phosphorylation (Opazo et al. 2010). 
Homeostatic plasticity was initially thought to be a global mechanism that 
regulates AMPAR content at all the synapses in a given neuron by the same 
multiplicative factor; however, it has become clear that specific synapses can 
individually tune their own activity (Turrigiano 2008). In our system we argue for a 
role of stargazin in a global homeostatic scaling of cortical synapses. The stimulus 
used - TTX, 48h - elicits global AMPAR scaling because there is a global block of 
network activity (Turrigiano 2008). Until recently, there was no evidence for local 
translation of TARPs together with AMPAR but the characterization of the local 
transcriptome showed, for the first time, the presence of stargazin mRNA in 
hippocampal dendrites (Cajigas et al. 2012) raising the possibility for AMPAR and 
stargazin local translation during plasticity, yet to be demonstrated in synaptic 
scaling. 
Altogether, the results presented in this chapter support the role of stargazin 
as a new regulator of synaptic scaling in cultured cortical neurons. Chronic neuronal 
inactivity induces accumulation of GluA2-containing AMPAR at synapses through 
increased stargazin phosphorylation by PKC and CaMKII. 
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Introduction  
 
Proper wiring of neural circuits during development depends on both 
molecular cues that guide connectivity and activity-dependent mechanisms that use 
patterned activity to adjust the strength and number of synaptic connections. The 
visual system is one of the best-studied models for activity-dependent circuit wiring 
and experience-dependent plasticity. The connection between retinal ganglion cells 
and relay neurons in the dorsal lateral geniculate nucleus (dLGN) in the thalamus is 
an excellent system to study synapse maturation and plasticity (Chen and Regehr 
2000; Hooks and Chen 2006). Development of the mouse retinogeniculate synapse 
is well characterized and is composed of three distinct phases (Hong and Chen 
2011). The first phase occurs before eye-opening in mice and involves correct axon 
targeting and rearrangement into proper lamina in the dLGN with major structural 
changes. Synapse elimination and strengthening during the first phase depends on 
retinal spontaneous activity. After the initial pruning phase, at P10 in mice, each 
relay neuron contacts close to 10 retinal axons. The next phase involves further 
refinement and strengthening with around 4-5 retinal inputs innervating each relay 
neuron. The last phase of retinogeniculate synapse remodeling, after P20 in mice, is 
dependent on visual experience (Hooks and Chen 2006). Visual deprivation from 
postnatal day P20 (late dark rearing - LDR) results in a weakening of the average 
afferent input and a recruitment of additional afferents (Hooks and Chen 2006). In 
contrast, chronic dark rearing (CDR) from birth does not elicit major synaptic 
rearrangements (Hooks and Chen 2006). The molecular mechanisms underlying 
this plasticity are not currently understood but recently Mecp2 was implicated in the 
vision-dependent phase of the retinogeniculate synapse remodeling (Noutel et al. 
2011).  
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In the visual cortex, it is known that visual deprivation elicits homeostatic 
plasticity mechanisms. Both TTX intraocular injections and light deprivation cause 
homeostatic rearrangements that depend both on the cortical layer and 
developmental stage at the time of manipulation (Maffei and Turrigiano 2008).  
Furthermore, it has recently been shown that homeostatic plasticity occurs in the 
corticothalamic synapses onto relay neurons in the dLGN after monocular 
deprivation (Krahe and Guido 2011), implicating this form of plasticity on the 
synaptic remodeling of sub-cortical regions. 
 
Given the results presented in the previous chapter we wanted to look into 
the role of stargazin in synapse remodeling during experience-dependent plasticity. 
For this purpose we looked at stargazer mice, in which stargazin (Cacng2 or γ-2) is 
mutated, suffer from cerebellar ataxia and frequent seizures. The stargazer was 
initially identified in 1990 (Noebels et al. 1990) as a model for absence seizures, with 
spike-wave discharges (SWD) at 5-7 Hz.  Stargazer mice resulted from a 
spontaneous transposon insertion in the second intron of the gene, which greatly 
reduced transcript and protein expression (Letts et al. 1998). Later the mouse model 
was instrumental in the discovery of the role of stargazin in the trafficking of AMPAR, 
as cerebellar granule cells of stargazer mice lack synaptic AMPAR (Chen et al. 
2000). During retinogeniculate synapse development a 20X increase in AMPAR 
mediated synaptic transmission is observed (Chen and Regehr 2000). Therefore, we 
asked whether synapse remodeling would be affected when AMPAR trafficking and 
synaptic insertion are disrupted in the dLGN in the absence of stargazin, an AMPAR 
auxiliary subunit. 
In this chapter we looked at the in vivo role of stargazin in experience-
dependent plasticity by characterizing the development of the retinogeniculate 
synapse and the biochemical alteration in the dLGN after different visual 
manipulations. We found that stargazin is essential for synaptic maintenance and 
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experience-dependent plasticity as stargazer mutant mice demonstrate disrupted 
retinogeniculate synapse maturation during the vision sensitive period. Importantly, 
stargazin levels are regulated by vision, and stargazin is up-regulated in the visual 
thalamus when experience-dependent plasticity is induced by late-dark rearing, 
without changes in other closely related TARP family member.  
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Results 
Stargazin associates with AMPAR in the dLGN 
Stargazin is expressed throughout the brain with high expression levels in 
the cerebellum (Tomita, 2003, Fukaya, 2005). Previous studies also suggested that 
stargazin is expressed in the thalamus (Fukaya et al. 2005; Payne 2008), but 
stargazin expression over development of the dLGN was not addressed before. We 
dissected dLGN from acute brain slices of at least three mice per sample at different 
developmental ages and looked at total stargazin expression by western blot (Fig. 
4.1A). We confirmed that stargazin is expressed in the dLGN and also that the 
expression is developmentally regulated with the peak at p20-21 (Fig. 4.1B). In 
mice, dLGN contains two classes of neurons, relay neurons and intrinsic 
interneurons. Relay neurons outnumber inhibitory neurons 4-5 to 1 (Sherman 2001), 
thus the majority of stargazin detected likely comes from relay neurons. 
   
                                                                                                                                                                                                                                 
Fig. 4.1- Stargazin is important for AMPAR trafficking in the retinogeniculate 
synapse 
(A) Representative western blot against total stargazin of mouse dLGNs at different 
developmental ages. (B) Stargazin levels significantly increase after eye-opening 
(P12-14) and remain high up to P27. Kruskal-Wallis test comparing stargazin 
expression at P10 with the other developmental ages. *P<0.05. 
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Stargazin was initially described as an auxiliary subunit for voltage-
dependent calcium channels (Letts, 1998) and was later identified as an auxiliary 
subunit for AMPA receptors (Chen, 2000). Thus, we wanted to confirm the presence 
of stargazin in endogenous AMPAR complexes in the dLGN. Therefore we collected 
dLGN tissue from several P27 mice and performed immunoprecipitation assays with 
anti-GluA1 antibody. We were able to successfully immunoprecipitate GluA1 
together with stargazin (Fig. 4.2). Moreover, the GluA2 subunit of AMPAR was also 
a component of the complex leading us to conclude that stargazin associates with 
AMPAR GluA1/GluA2 heteromers. Interestingly, PSD95 was also co-
immunoprecipitated showing that these receptors are present at synaptic sites in the 
dLGN. 
 
Fig. 4.2- Stargazin is associated with 
AMPAR in the dLGN.  
Tissue was collected from P27 mice and 
the lysate was incubated with GluA1 
antibody. We were able to co-
immunoprecipitate GluA2 subunit of 
AMPAR and stargazin. PSD95 was also 
detected as a part of the complex, 
meaning that AMPAR associated with 
stargazin are present at synapses in the 
dLGN. 
 
 
 During development of the mouse brain, TARPγ4 (γ4) is initially highly 
expressed throughout the brain and around P14 high levels are present in the 
thalamus and striatum (Fukaya et al. 2005). Interestingly, γ4 is expressed in both 
neruons and glia throughout the brain (Fukaya et al. 2005; Tomita et al. 2005). So 
we analyzed the expression pattern of this TARP in the dLGN over development and 
found very small levels before eye-opening with a striking increase in expression 
afterwards (Fig. 4.3A). 
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Since stargazin and γ4 are expressed in the dLGN over development we 
tested for the possible compensatory expression of γ4 in P27 stargazer mice. 
Surprisingly, γ4 expression is not increased in the absence of stargazin in the dLGN 
(Fig. 4.3B).  
 
 
Fig. 4.3- TARPγ4 expression in the dLGN over development. 
(A) Representative western blot for TARPγ4 total expression in wildtype mice over 
development. Notice the up-regulation of TARPγ4 after eye-opening and the 
maintenance of high levels up to P27. (B) TARPγ4 does not compensate for 
stargazin loss in the dLGN. Representative Western blot comparing TARPγ4 
expression in stg +/+ with stg -/- P27 mice.  
 
 
Stargazer mice have abnormal synapse remodeling at the vision-sensitive period 
Since stargazer mice have disrupted patterns of neural activity, as well as a 
deficit in trafficking of AMPAR, we hypothesized that synaptic development could be 
disrupted.  
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Fig. 4.4- Functional development of stargazer mice retinogeniculate synapse.  
Schematic representation of synaptic refinement is drawn to symbolize the 
experimental data related to the number of inputs and respective synaptic strength 
at P16 and P30. At P16 no difference between genotypes is observed in terms of 
single-fiber strengthening and pruning. However, at P30, stargazer mice preserve 
more inputs and they are weaker when compared to wildtype mice. (Scheme based on 
data obtained by former PhD student in the lab Bryan Mac Hooks) 
 
 
Therefore, we recorded from stargazer mutants and their wildtype 
littermates, examining synaptic strength and pruning at the retinogeniculate synapse 
at various time points over development.  Previous results from our lab showed that 
synapse strengthening and elimination proceed relatively normally through p16 but, 
by p30 synaptic strength was reduced and the number of connected retinal afferents 
is unusually high in the absence of stargazin (Fig. 4.4, unpublished data).  There are 
two possible interpretations for the disrupted connectivity at later phases of 
development in stargazer mice. First, we could have a lack of developmental 
progression after P16 because stargazin is necessary for strengthening of synaptic 
connections after the initial phase of bulk synapse elimination occurring between 
P10-P16, found to be normal in stargazer mice. An alternative view is that after P16 
there is still further strengthening and refinement of retinogeniculate connections 
followed by a destabilization of these connections. This outcome would be explained 
by a different role of stargazin in the maintenance of synaptic connections once 
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refinement is complete. To distinguish between these possibilities we recorded from 
stargazer mice and wildtype littermates between P20-21, the initial phase of the 
vision-sensitive period. 
 
 
Fig. 4.5- Single fiber strengthening shows some defects in P20 stargazer mice, 
though synapse remodeling is normal. 
(A) Representative recordings from P20 stargazer and their wildtype littermates. 
(Left) Superimposed EPSCs recorded from the same relay neuron at -70 mV 
(inward currents) or +40 mV (outward currents) while increasing the stimulus 
intensity. Wildtype P20 mouse. (Right) Similar representation for an LGN neuron 
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from P20 stargazer mouse.  (B) Average AMPAR/NMDAR current ratio in P20-21 
stargazer mice is 55.4 ± 0.04% smaller compared to wildtype littermates. (C) 
Summary of EPSC amplitudes for AMPAR and NMDAR currents elicited in response 
to single fiber stimulation (Right) or maximal stimulation (Left, note change in vertical 
scale). (E) Histograms of single fiber AMPAR current amplitude in 50pA bins for 
stargazer mice (Right) and wildtype littermates (Left). (F) Single fiber AMPAR 
currents in a cumulative probability histogram. (G) Fiber fraction for P20-21 animals 
(see chapter 2).  Each single fiber divided by the maximal current for the same relay 
neuron estimates the fraction of the cell’s total current contributed by that fiber, 
averaged for all cells of that genotype. Stg+/+ n =23, 11 mice and stg-/- n=23, 15 
mice. Mann-Whitney test * P<0.05, *** P<0.0001. 
 
 
By alternating between two voltage-clamp holding potentials while 
stimulating the optic tract, two subtypes of ionotropic glutamatergic current were 
differentiated: fast, transient inward currents at -70 mV (AMPAR) and more slowly 
decaying outward currents at +40 mV (NMDAR), since NMDAR require postsynaptic 
depolarization to open and their currents are thus blocked at -70 mV. Because the 
AMPAR evoked EPSC decays with a time constant of 2–3ms at +40mV, the peak 
synaptic current more than 10 ms after the onset of the EPSC provides a good 
measure of peak NMDAR EPSC. When we calculated peak AMPAR and NMDAR 
evoked EPSCs we found a 67% decrease in maximal AMPAR peak currents in P20 
stargazer mice when compared to wildtype littermates (Fig. 4.5C). Moreover, 
maximal NMDAR peak currents were also decreased in stargazer mice (Fig. 4.5C) 
but when we compare the relative contribution of each type of ionotropic glutamate 
receptors by quantifying peak AMPAR/NMDAR EPSCs we found that stargazer 
mice have decreased ratio of peak AMPAR/NMDAR EPSC amplitudes at the 
retinogeniculate synapse at P20-21 corresponding to a decrease in AMPAR (Fig. 
4.5B). 
By systematically stimulating the optic tract over a range of stimulus 
intensities (0–10 mA) we looked at peak AMPAR and NMDAR EPSCs of relay 
neurons at increasing stimulus intensity and found no significant difference in the 
synaptic response between stargazer and wiltype mice (Fig. 4.5A). Lowering the 
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stimulus intensity until no synaptic response is obtained and then increasing the 
stimulus intensity until we obtain a response allows the determination of single fiber 
properties (Chen and Regehr 2000). This corresponds to the properties of 
retinogeniculate synapses from the axon elicited with minimal stimulation. Looking at 
single fibers of P20 stargazer mice, no significant difference was found when the 
average of single fibers AMPAR current was calculated, although an evident trend 
towards a decrease in the mutants can be noted (Fig. 4.5D).  
Single fiber AMPAR currents were plotted in distribution histograms for 
closer analysis and we could notice a trend towards weaker inputs in stargazer 
mice, with 21% (5/23) inputs weaker than 20pA, compared to 8.6% (2/23) in wiltdype 
littermates (Fig. 4.5E). Also, cumulative probability analysis demonstrated a slight, 
although no significantly different, shift towards weaker single fiber currents (Fig. 
4.5F). Furthermore, we found an increased number of silent synapses in stargazer 
mice, with around 30% (7 out of 27 relay neurons) of the retinogeniculate inputs 
lacking functional AMPAR, compared with a residual 4% (1 out of 26 relay neurons) 
in wildtype mice. Altogether, this set of recordings clearly shows a role of stargazin 
in AMPAR insertion at the retinogeniculate synapse.  
Finally, we quantified the connectivity between the retinal ganglion cells and 
the relay neurons by analyzing the fiber fraction, an index of the fraction of the cell’s 
total current contributed by each fiber. For this we divided the single fiber AMPAR 
evoked EPSC by the maximal AMPAR evoked EPSC for each relay neuron. We 
found no significant difference between genotypes, showing that stargazer mice 
exhibit the appropriate number of retinal fibers innervating each relay neurons at 
P20-21 (Fig. 4.5G). Even though a significant decrease in the average maximal 
AMPAR evoked EPSC coincides with no significant change in the average single 
fiber AMPAR evoked EPSC, the fiber fraction was unaltered, meaning that there is a 
correlation between maximal and single fiber AMPAR evoked EPSC at each relay 
neuron resulting in the same number of retinal fibers innervating each of the 
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recorded cells. 
These results support the role of stargazin in the maintenance of 
retinogeniculate synapses after P20 (Fig. 4.4). Previous data from the lab showed 
synapse strengthening and elimination proceeding normally through p16, but by p30 
synaptic strength was reduced and the number of connected retinal afferents higher.  
Interestingly, a trend towards weakening of single fibers is detected at P20-21 
stargazer mice, but no change in the number of retinal inputs is detected. The vision 
sensitive period for the retinogeniculate synapse development starts at P20, 
reinforcing the role of stargazin in experience-dependent plasticity in the visual 
thalamus. 
 
Stargazin is important for synapse maturation in older cortical neurons 
From our analysis of the retinogeniculate synapse remodeling in stargazer 
mice, we can speculate that stargazin is important for synapse maintenance at later 
phases of development. To get a tight temporal control over stargazin knockdown, 
we took advantage of the shRNA#4 described and used in the previous chapter to 
knockdown stargazin at different developmental stages of cultured cortical neurons, 
and quantified PSD95 clustering along dendrites of mock and shRNA#4 transfected 
neurons.  We transfected cortical neurons at DIV4 or DIV7 and fixed them 7 days 
later (DIV11 or DIV14, respectively) (Fig. 4.6A,C). Surprisingly we found that 
stargazin knockdown specifically affected synapse maturation in cultured neurons at 
later stages of synapse development, as PSD95 cluster intensity and area were 
significantly reduced (Fig. 4.6D). When the knockdown was performed at younger 
neurons PSD95 clustering was not affected as intensity, area and number of 
clusters were not significantly changed in shRNA#4 transfected neurons, when 
compared to mock transfected neurons (Fig. 4.6B). Since stargazin knockdown from 
DIV7 to DIV14 induced major reduction in the post-synaptic scaffold protein PSD95 
we decided to look at the pre-synaptic side by quantifying Vglut1 localization in 
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these neurons. We found that Vglut1 cluster intensity and area were also 
significantly reduced in the shRNA#4 transfected neurons, showing that synapse 
maturation is dependent on stargazin after DIV11 as stargazin deficient synapses 
were not able to mature properly (Fig. 4.6D).  
 
 
Fig. 4.6- Stargazin knockdown in cultured cortical neurons affects synapse 
maturation specifically at older neurons. 
(A) Cultured cortical neurons were transfected with mock or shRNA#4 at DIV4 and 
fixed at DIV11. Immunocytochemistry with an anti-PSD95 antibody was performed 
and quantified along dendrites of transfected neurons. (B) No significant alteration in 
PSD95 intensity, area or number of clusters was observed. (C) Cultured cortical 
neurons were transfected with mock or shRNA#4 at DIV7 and fixed at DIV14. 
Immunocytochemistry with anti-PSD95 and anti-Vglut1 antibodies was performed 
and quantified along dendrites of transfected neurons. (D) A significant decrease in 
PSD95 and Vglut1 cluster intensity and area was observed for neurons depleted of 
stargazin. Unpaired t-test; * P<0.05, ** P<0.001, *** P<0.0001. Scale bar 2µm. 
 
THE ROLE OF STARGAZIN IN ACTIVITY-DEPENDENT PLASTICITY IN THE RETINOGENICULATE SYNAPSE 
 83 
Stargazin modulates AMPAR composition at the retinogeniculate synapse 
 When analyzing AMPAR composition at the retinogeniculate synapse over 
development we found linear I-V relationship before eye-opening with increasing 
rectification as the synapse matures, suggesting that before eye-opening most 
AMPAR contain GluA2 subunit but CP-AMPAR insertion increases as the synapse 
matures.  
 
Fig. 4.7- AMPAR rectification is altered in the retinogeniculate synapse of 
stargazer mice possibly due to increased amounts of intracellular GluA2. 
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(A) Normalized I-Vs for P20 stargazer mice and wildtype littermate relay neurons. 2-
way ANOVA; P=0.0604; Bonferroni post-test P<0.01 for +70mV. (B) Rectification 
index was calculated by dividing +40mV/-60mV evoked AMPA current for each cell. 
(not significant, but p=0.0571, stg+/+ and stg-/-: 2 mice, 4 cells). (C) Total AMPAR 
levels in dLGN of stargazer mice and wildtype littermates were analyzed by western 
blot and (D) no difference in the GluA1/GluA2 ratio was found (n=3). (E) In P27 
dLGN of stargazer mice, a large fraction of GluA2 remains immature and EndoH 
sensitive. By contrast, GluA2 in the dLGN of P27 wildtype mice is mature and 
resistant to EndoH. Notice that in both genotypes, PNGase F removes GluA2 
glycosylation. GluA1 is not retained intracellularly as EndoH diggests the 
glycosylation similarly both in stargazer and wildtype mice. (The deglycosylation 
experiments were repeated twice, with similar results). 
 
 
Interestingly, stargazer mice showed further increase in I-V curve 
rectification, with significant decrease in the rectification index (I+40mV/I-60mV) at older 
ages (data collected by Bryan Mac Hooks). We wanted to look at an intermediate 
time point, P20, and analyze AMPAR composition at the retinogeniculate synapse of 
stargazer mice. Indeed we found a trend towards increased inward rectification in 
P20 stargazer mice when compared to wildtype littermates (Fig. 4.7A,B). The 
increased rectification of the I-V curve indicates that either more CP-AMPAR are 
present at stargazer mice RG synapses or it could be attributed to the absence of 
stargazin in these neurons, according to (Soto et al. 2007). To distinguish between 
the two possibilities, we looked at total GluA1/GluA2 subunits ratio in P27 stargazer 
and wildtype mice (Fig. 4.7C). Although, corticothalamic synapses are the most 
abundant excitatory synapses in relay neurons, we decided to look at total 
expression levels of AMPAR. We detected no alteration in the relative amounts of 
GluA1 and GluA2 AMPAR subunits in stargazer mice (Fig. 4.7D). Stargazin was 
previously shown to play a role in the trafficking of GluA2 subunit in cerebellum 
(Tomita et al. 2003). So, we took advantage of the processing of glutamate 
receptors by N-glycosylation where glutamate receptors receive high mannose 
glycosylation in the ER and are modified with more complex sugars in the Golgi 
(Hollmann et al. 1994; Sans et al. 2001). We can distinguish these glycosylation 
patterns using two glycosidases, endoglycosidase H (EndoH) that only digests the 
THE ROLE OF STARGAZIN IN ACTIVITY-DEPENDENT PLASTICITY IN THE RETINOGENICULATE SYNAPSE 
 85 
immature high mannose sugars, and PNGase F, which removes all N-linked 
carbohydrates. When dLGN total lysates were treated with these glycosidases, we 
found that, similarly to cerebellum, a significant proportion of GluA2 subunit remains 
intracellularly retained, as EndoH sensitivity is evident in the stargazer mouse 
sample. In order to confirm that GluA2 was specifically retained intracellularly, we 
looked at GluA1 and found no difference in glycosylation patterns in stargazer mice, 
when compared to wildtype littermates (Fig. 4.7E). Indeed, this result supports the 
view of increased amount of CP-AMPAR at the retinogeniculate synapse of 
stargazer mice, though further experiments are required to fully confirm this idea. 
 
TARPs and experience-dependent plasticity in the dLGN 
The molecular mechanisms underlying experience-dependent plasticity in 
the retinogeniculate synapse remain poorly understood. Recent evidence show that 
CaMKII affects AMPAR trafficking by controlling stargazin phosphorylation (Opazo 
et al. 2010; Tsui and Malenka 2006) making stargazin an excellent candidate for 
experience-dependent AMPAR insertion in the retinogeniculate synapse. 
We tested whether stargazin is involved in experience-dependent plasticity in 
the dLGN. Therefore, mice were chronically reared in the dark from birth (chronic 
dark rearing - CDR) or dark-reared for one week after p20 (late dark rearing - LDR) 
and stargazin expression was analyzed (Fig. 4.8A). CDR does not elicit synaptic 
remodeling alterations, whereas LDR elicits major rearrangements of the 
retinogeniculate synapse, increasing the number of inputs per relay neuron and 
weakening them (Hooks and Chen 2008). Surprisingly stargazin is increased in the 
dLGN of LDR mice and no change is observed in CDR, when compared to animals 
raised in normal light-dark cycles (Fig. 4.8B).  
The function of stargazin in AMPAR insertion at synapses depends on the 
phosphorylation of nine consecutive serine residues in the cytoplasmatic tail of the 
protein (Tomita et al. 2005). Indeed, stargazin is phosphorylated in vivo in the dLGN, 
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as lambda-phosphatase treatment of dLGN lysates produced a mobility shift in the 
stargazin band consistent with de-phosphorylation (Fig. 4.8C), confirming a 
functional role of stargazin in the visual thalamus. We hypothesized that stargazin 
phosphorylation would be increased in LDR mice and that could be responsible for 
the vision-dependent plasticity occurring in this period. Stargazin phosphorylation at 
two serine residues, S239 and S240, was analyzed by western blot and we found a 
40 ± 13% increase in stargazin phosphorylation in LDR mice (Fig. 4.8D,E).  
 
Fig. 4.8- Experience-dependent plasticity in the retinogeniculate synapse 
requires stargazin. 
(A) Representative Western blot of mouse dLGNs (post-natal day 27) comparing the 
effects of light in stargazin expression. Compare animals reared in control conditions 
with animals reared in the dark from birth (chronic dark reared, CDR) or for 7 days, 
starting at P20 (late dark reared, LDR). (B) Quantification of total stargazin levels 
after CDR and LDR showing an increase in stargazin upon LDR. (C) Stargazin is 
phosphorylated in the dLGN. P20 dLGN whole-lysate was incubated with lambda-
phosphatase and stargazin de-phosphorylation can be seen as a shift in the band on 
the western blot, indicating that stargazin is phosphorylated in the dLGN. (D) 
Representative western blot for stargazin phosphorylation at S239/240 in P27 and 
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P27 LDR mice. (E) Relative phosphorylation levels of S239/240 were obtained by 
the ratio between the phosphorylated and total stargazin. We found a 40 ± 13% 
increase in stargazin phosphorylation in the dLGN of LDR mice. CDR condition was 
analyzed in one sample and the LDR was quantified from three independent 
experiments. (F) Visual deprivation does not alter TARPγ4 levels in the dLGN. (G) 
No significant change was detected in total TARPγ4 levels upon LDR P20+ (n=3). 
For CDR n=2, no statistical analysis was performed. 
 
 
 So far, our data support a specific role of stargazin in experience-dependent 
plasticity of the retinogeniculate synapse, but there are other TARPs expressed in 
the thalamus (Fukaya et al. 2005; Payne 2008). Late-dark rearing mice for seven 
days increases maximum AMPAR currents in the dLGN (Hooks and Chen 2006) 
and we have already shown that total stargazin levels are increased. Looking at 
TARPγ4 total levels in LDR mice we found no significant alteration (Fig. 4.8F,G) 
reinforcing the specific role of stargazin in the remodeling of the retinogeniculate 
synapse in the vision sensitive period.  
 
AMPAR composition in experience-dependent plasticity of the retinogeniculate 
synapse 
Recently, it was demonstrated that CaMKII and Ras control the trafficking of 
GluA1 subunit of AMPAR. Also, vision was shown to specifically insert GluA1 into 
the retinogeniculate synapse onto relay neurons in the dLGN, showing for the first 
time that AMPAR subunits insertion is tightly controlled between different synapses 
in the same cell of this thalamic nucleus (Kielland et al. 2009). Homeostatic synaptic 
plasticity has been studied in vivo in the visual cortex where visual deprivation 
scales up excitatory synapses (Desai et al. 2002; Goel et al. 2006; Goel et al. 2011; 
Maffei et al. 2004; Maffei and Turrigiano 2008). In vivo scaling of excitatory cortical 
synapses triggered by visual manipulations can cause preferential regulation of 
GluA1 subunit of AMPAR and synaptic insertion of CP-AMPAR (Goel et al. 2006; 
Goel et al. 2011) or lead to synaptic increase in CI-AMPAR through regulation of 
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GluA2 subunit of AMPAR (Gainey et al. 2009). We wondered if experience-
dependent plasticity in the retinogeniculate synapse induced AMPAR changes in the 
dLGN. 
AMPAR composition in dLGN was analyzed using two different approaches. 
First, we looked at total expression levels of GluA1 and GluA2 subunits by western 
blot (Fig. 4.9A) and found a significant decrease in GluA1/GluA2 ratio in the dLGN of 
LDR mice (Fig. 4.9B). This result is in accordance with the previously described 
vision-dependent GluA1 insertion at this synapse (Kielland et al. 2009).  According 
to this result GluA2 subunit may be enriched at the retinogeniculate synapse 
following LDR.  To look specifically at AMPAR composition at this synapse we 
evaluated the AMPAR rectification properties when stimulating the optic nerve fibers 
in the slice. Mice were visually manipulated and AMPAR currents were recorded at 
different holding potentials in the presence of NMDAR antagonist (APV) (Fig. 4.9C). 
Interestingly, CDR did not affect AMPAR rectification but visual deprivation for one 
week after p20 increased the rectification index (I+40mV/I-60mV, Fig. 4.9D). In this 
experimental condition, AMPAR present at the retinogeniculate synapse seem to 
follow the trend of total AMPAR expression levels, meaning that GluA2-containing 
AMPAR (calcium impermeable) are enriched at synapses. This result resembles 
TTX-induced GluA1/GluA2 ratio decrease in cultured cortical neurons (Fig. 3.6), 
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arguing for a role of stargazin up-regulation in this shift in AMPAR composition. 
 
Fig. 4.9- Experience-dependent plasticity in the retinogeniculate increases 
GluA2-containing AMPAR. 
(A) AMPA receptor subunits GluA1 and GluA2 were analyzed from whole dLGN 
lysates. (B) Relative abundance of these subunits was plotted as GluA1/GluA2 ratio 
(ANOVA, Dunnett’s test *P<0.05. N=3). (C) Normalized I-Vs for normal reared mice 
(3 mice, 4 cells), chronic dark-reared (CDR) mice (3 mice, 4 cells) and late dark-
reared (LDR) mice (4 mice, 6 cells). (D) Rectification index was calculated by 
dividing +40mV/-60mV evoked AMPA current for each cell (Mann-Whitney test. 
P<0.05).  
 
 
Moreover, in the previous chapter we demonstrated that stargazin is 
necessary for synaptic scaling, a form of homeostatic plasticity. The shared 
molecular pathways between TTX-stimulated cortical neurons and LDR-relay 
neurons suggest that LDR-induced plasticity may be a form of homeostatic 
adjustment in response to visual deprivation. 
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Discussion 
  
In this chapter we addressed the role of stargazin in synapse remodeling in 
the visual thalamus. For this purpose we analyzed retinogeniculate synapse 
remodeling in stargazer mice, where no stargazin is expressed. Taking advantage of 
the well-described refinement of the retinogeniculate synapse we quantified the 
expression of TARPs and AMPARs in dLGN over development and in visual 
deprivation conditions. TARPs are expressed in the visual thalamus and their levels 
increase after eye-opening and remain high up to P27. Interestingly, even though 
AMPAR trafficking is affected in stargazer relay neurons with decreased AMPAR 
evoked currents, as published for cerebellar granule cells (Chen et al. 2000), 
stargazer mice retinogeniculate synapse develops normally during the first two 
weeks but is abnormal around P30. Looking at an intermediate time point showed 
normal number of connections with a trend towards weaker inputs. Our biochemical 
analysis suggests that stargazin is important for experience-dependent plasticity, as 
visual deprivation at the vision sensitive period of the thalamus increased stargazin 
levels and phosphorylation at two specific serine residues involved in homeostatic 
plasticity (chapter 3). 
 
Stargazin expression is regulated by vision 
 A major finding of the work described in this chapter is the vision-dependent 
expression of stargazin in the mouse dLGN. Over development stargazin expression 
increases after eye-opening with residual expression at P10. Importantly, visually 
depriving mice during the vision sensitive period increases stargazin levels and the 
phosphorylation of two serine residues present at the C-tail of stargazin. These 
serines are part of a highly phosphorylated area composed of nine serine residues 
that were previously shown to be regulated by NMDA-dependent signaling in 
Hebbian plasticity mechanisms such as LTP and LTD (Tomita et al. 2005). 
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Moreover, stargazin phosphorylation at all (nine) serines was shown to promote 
AMPAR trapping at the synapses in a CaMKII dependent manner (Opazo et al. 
2010) so when stargazin phosphorylation is increased stargazin works as a trap for 
AMPAR, increasing AMPAR accumulation at synapses. In fact, this mechanism can 
be at the basis of the increase in maximal AMPAR currents in the retinogeniculate 
synapse of LDR mice (Hooks and Chen 2008). Interestingly, another TARP 
expressed in the dLGN, TARPγ4, shares the same developmental expression 
pattern of stargazin. In the absence of stargazin, other TARPs expressed in the 
same cell types could compensate for the lack of stargazin; however stargazer mice 
do not show increased TARPγ4 in the visual thalamus. Interestingly, TARPγ4 is 
expressed in glial cells as well as in neurons (Fukaya et al. 2005; Tomita et al. 
2005), raising the possibility of these two closely related TARP family members 
acting on different aspects of synapse remodeling in dLGN. It would be interesting to 
look at stargazer/TARPγ4 double knockout mice to check is the remaining AMPAR 
inserted in the absence of stargazin are completely abolished in this mouse model.  
 
Stargazin role in synapse development – strengthening versus maintenance 
Activity-dependent trafficking of AMPAR is a key mechanism underlying 
synaptic plasticity in the brain but it remains controversial whether developmental 
up-regulation of AMPAR underlying synaptic strengthening is mechanistically related 
to the elimination of redundant inputs. At sensory relay synapses in the thalamus, 
synaptic strengthening and pruning processes coincide temporally (Chen and 
Regehr 2000), but it remains to be demonstrated that these processes are 
mechanistically related. In fact, it was recently shown that synapse elimination onto 
whisker relay neurons in the thalamus is not dependent on AMPAR accumulation at 
synapses, dissociating the two processes (Wang et al. 2011). In the absence of 
stargazin, the amount of AMPAR at the retinogeniculate synapse is significantly 
lower when compared to wildtype littermates but there is still AMPAR accumulation 
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at this synapse over development, possibly through interaction with other TARPs. In 
fact, synapse strengthening and innervation are not affected in stargazer mice until 
the fourth developmental week, which coincides with the cortical critical period. 
Interestingly, in cultured cortical neurons, stargazin knockdown decreased synapse 
maturation specifically when the protein was absent after DIV11. Combining these 
two systems, our data suggest that stargazin is required for synaptic maintenance of 
the proper connections once they were formed.  
We propose that different phases of the retinogeniculate synapse remodeling 
depend on different molecular pathways (Hong and Chen 2011). Stargazin regulates 
AMPAR trafficking within neurons and also AMPAR lateral mobility once the 
receptors reach the membrane (Jackson and Nicoll 2011). Synapse maintenance in 
the later phase of retinogeniculate synapse development is dependent on stargazin 
as stargazin phosphorylation contributes to AMPAR immobilization at synapses 
(Opazo et al. 2010), thereby contributing for the connection to stabilize. Thus, in 
stargazer mutant mice, even though AMPAR are present at synapses, their high 
mobility in the absence of stargazin does not allow the connection to stabilize. 
Moreover, when experience-dependent plasticity is elicited in the retinogeniculate 
synapse by late dark-rearing mice, we observed an increase in stargazin levels 
coincident with scaling of excitatory synaptic connections and an increase in the 
number of inputs per relay neuron. These results show that stargazin is regulated by 
vision in the dLGN and disrupting stargazin function interferes with activity-
dependent remodeling of the retinogeniculate synapse. We present evidence that 
LDR-elicited plasticity is a homeostatic response to reduction in vision, showing for 
the first time that visual deprivation by dark-rearing is able to induce this plasticity in 
sub-cortical areas.  
 
 
 
THE ROLE OF STARGAZIN IN ACTIVITY-DEPENDENT PLASTICITY IN THE RETINOGENICULATE SYNAPSE 
 93 
Is LDR activating homeostatic plasticity of the retinogeniculate synapse? 
Experience-dependent plasticity in the retinogeniculate synapse up-regulated 
stargazin and GluA2-containing AMPAR. AMPARs containing the GluA2 subunit are 
impermeable to calcium and present a linear current-voltage relationship (Hollmann 
et al. 1991). The visual cortex has been a useful model to elucidate in vivo 
homeostatic plasticity mechanisms. GluA2 was previously shown to be required for 
synaptic scaling to occur in cultured cortical neurons and in the visual cortex of 
monocular deprived mice by TTX injections in one eye (Gainey et al. 2009). 
However, others reported that a few days of binocular visual deprivation by dark-
rearing mice leads to an increase in excitatory synaptic transmission mediated by an 
accumulation of CP-AMPAR (GluA1 homomers) (Goel et al. 2006; Goel et al. 2011). 
In the visual thalamus relay neurons receive glutamatergic inputs coming from the 
retina and from the cortex, and it has been shown that the GluA1 subunit of AMPAR 
is inserted in the retinogeniculate but not in the corticothalamic synapses in 
response to vision. That specificity is not present for other AMPAR subunits, namely 
for GluA2, which is trafficked to both synapses (Kielland et al. 2009). In fact, over 
development we observe an increase in AMPAR rectification in the retinogeniculate 
synapse (data not shown) in accordance with CP-AMPAR increased insertion upon 
visual experience. Moreover, we showed that in the case of late dark-rearing, 
AMPAR acquire a linear current-voltage relationship (Fig. 4.9C,D), arguing for the 
insertion of CI-AMPAR if animals are deprived from vision specifically during the 
vision sensitive period. Over development, the retinogeniculate synapse, in contrast 
to the intra-cortical synapses, gets increased amounts of CP-AMPAR insertion, with 
a reversal of rectification properties when activity-dependent plasticity is induced. 
Recently, the GluA2 subunit of AMPAR was shown to promote the stabilization of 
pre-synaptic inputs onto cortical neurons (Ripley et al. 2011). The accumulation of 
GluA2-containing AMPAR at the retinogeniculate synapses in LDR animals may be 
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important for the up-regulation of retinal inputs innervating a given relay neuron, as 
shown in (Hooks and Chen 2008). 
More than a decade from the discovery of stargazin as a regulator of AMPAR 
synaptic targeting, it remains an open question whether stargazin regulates AMPAR 
subunits differently. In fact, Chen and colleagues showed that stargazin could 
interact with all AMPAR subunits in heterologous system (Chen et al. 2000), but it 
was later suggested that stargazin could control GluA2-containing receptors 
preferentially in neurons (Tomita et al. 2003). It would be very interesting to explore 
if GluA2 subunit accumulation at retinogeniculate synapses during LDR is mediated 
directly by stargazin.  
Altogether our data support a model of stargazin mediating synaptic 
maintenance in the dLGN after visual experience. Once retinal pattern firing is 
affected by binocular visual deprivation during the sensitive period (after P20 in 
mice), stargazin levels increase and the protein is more phosphorylated, possibly 
trafficking more AMPAR into the retinogeniculate synapse. AMPAR composition, 
namely GluA2 presence in AMPAR, seems to be regulated by activity, as AMPAR 
rectification properties change in response to visual deprivation. Although towards 
the opposite effect, i.e. the integration of GluA2-lacking AMPAR, visual deprivation 
was previously shown to affect AMPAR composition in the visual cortex (Goel et al. 
2006).  Some questions arise from these results. It remains to be proved if stargazin 
is regulating homeostatic plasticity through regulation of GluA2 content or if it has a 
different role in the process. Is the defect in stargazer retinogeniculate synapse 
remodeling due to defects in homeostatic plasticity mechanisms? Or is it a result of 
abnormal corticothalamic feedback, as stargazer mice have increased cortical 
neurons excitability (Di Pasquale et al. 1997)? Understanding how neuronal circuits 
adjust to the external environment is still far from understood. However, stargazin, 
as a master AMPAR regulator, is becoming a good candidate molecule for 
regulating experience-dependent plasticity and circuit development in the CNS. 
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Activity is responsible for refining synaptic connectivity during development 
primarily through Hebbian mechanisms of plasticity. However, this plasticity tends to 
destabilize the neuronal circuits leading to runway excitation or inhibition. Dynamic 
regulation of synaptic strength among neuronal cells stabilizes circuits during 
development or experience-dependent plasticity (Turrigiano and Nelson 2004).  
In this thesis we demonstrated that stargazin is important for homeostatic 
plasticity taking advantage of both in vitro and in vivo systems. Stargazin function in 
synaptic scaling was pinpointed by pharmacologically inducing AMPAR 
accumulation in cultured cortical neurons with TTX (Chapter 3). Stargazer mice were 
used to understand the in vivo role of stargazin in synapse remodeling during 
experience-dependent plasticity in the visual thalamus (Chapter 4).  
Interestingly, common features were found between chronic inactivity 
induced by TTX in cortical neurons and the retinogeniculate synapse properties after 
LDR in mice, with a significant up-regulation of stargazin and GluA2-containing 
AMPAR in both conditions. As an auxiliary subunit of AMPAR with the ability to bind 
all the AMPAR subunits (Chen et al. 2000), the control of specific subunit trafficking 
by stargazin and other TARPs remains to be clarified. Our data support the role of 
stargazin in the control of GluA2 subunit trafficking both in cultured cortical neurons 
and in relay neurons of the visual thalamus. This AMPAR subunit is under the 
control of many mechanisms, as it will regulate calcium permeability of the channel 
(Hollmann et al. 1991). Interestingly, many studies demonstrated that GluA2 
influence many aspects of synapse formation through specific regions of the protein 
and not necessarily through the modulation of calcium permeability. Recently, the N-
terminal domain of GluA2 was shown to promote the stabilization of presynaptic 
inputs onto cortical neurons (Ripley et al. 2011). Thus, the accumulation of GluA2-
containing AMPAR at the retinogeniculate synapses during LDR may be important 
for the up-regulation of retinal inputs innervating each relay neuron, as shown in 
(Hooks and Chen 2006).  
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In the case of TTX-induced synaptic scaling the C-terminal domain seems to be 
important for the AMPAR accumulation at the synapses to occur. Many proteins 
regulate GluA2 trafficking through interaction with this region of the protein (see 
chapter 1). Interestingly, PICK1 was already implicated in synaptic scaling, as 
chronic activity blockade reduces PICK1 levels, and the increase in synaptic 
strength in response to synaptic inactivity is occluded in PICK1 knockout neurons 
(Anggono et al. 2011).  It would be important to understand the interplay between 
PICK1 and stargazin in the control of GluA2 trafficking in homeostatic plasticity. We 
intend to overexpress or downregulate PICK1 in shRNA#4-transfected neurons and 
quantify the effect on TTX-induced synaptic scaling in cortical neurons. 
 
Is stargazin important for homeostatic scaling down of cortical synapses? 
 In the present thesis we describe the important role of stargazin in 
homeostatic scaling up of cortical synapses induced by chronic activity blockade. 
However, synaptic scaling can also be induced by chronic activation of cortical 
neurons through chronic blockade of inhibitory channels with bicuculline, thus 
increasing network activity by increased excitatory synapses firing. Some of the 
molecular pathways described in homeostatic synaptic scaling regulate scaling up 
and scaling down differently (table 1). Therefore, we propose to analyze the role of 
stargazin in cortical synapses scaling down. We expect that, to some extent, scaling 
down is also dependent on stargazin as stargazin phosphorylation has been shown 
to be decreased by NMDAR activation (Tomita et al. 2005). Moreover, LTD has 
been shown to be dependent on stargazin dephosphorylation which decreases 
AMPAR trapping at synapses (Opazo et al. 2010; Tomita et al. 2005). To clarify the 
role of stargazin phosphorylation in scaling down we plan to analyze surface and 
synaptic AMPAR in cortical neurons transfected with stargazin phospho-mutants, 
S9A and S9D. If stargazin regulates scaling down of synapses we expect to occlude 
scaling in neurons overexpressing the stargazin S9A mutant, and to block scaling by 
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overexpression of the stargazin S9D mutant. Interestingly, a recent study suggested 
that TARPγ3 overexpression occludes scaling down of cortical pyramidal neurons 
(Sun and Turrigiano 2011) implicating this family of proteins in synaptic scaling for 
the first time. 
 
Stargazin role in the retinogeniculate synapse remodeling 
 In chapter 4 we showed that stargazin expression is regulated by vision as 
stargazin protein levels are increased upon visual deprivation during the vision 
sensitive period of plasticity (after P20 in mice). To further elucidate the relationship 
between stargazin and retinogeniculate synapse remodeling we propose to quantify 
changes in stargazin levels and phosphorylation in response to a variety of visual 
manipulations. Previous studies from our lab revealed distinct changes in afferent 
single fiber strength and maximal synaptic current depending on the timing and 
length of visual deprivation (Hooks and Chen 2008). Importantly, we have 
preliminary data supporting the idea that even though more than 4 days of visual 
deprivation after P20 are necessary to elicit retinogeniculate synapse remodeling, 
stargazin levels seem to be up-regulated during the first day of dark-rearing arguing 
for stargazin as the switch responsible for vision-dependent circuit remodeling in the 
visual thalamus. These studies will also reveal the type of activity that regulates 
stargazin (visual evoked vs. spontaneous activity) and whether there is a window of 
time during development when changes in the external environment influence 
stargazin function.  
 
Stargazin phosphorylation and in vivo experience-dependent plasticity 
Our findings raise the question of whether phosphorylation of stargazin 
regulates experience-dependent retinogeniculate synaptic remodeling, as LDR 
increases stargazin phosphorylation. To test this hypothesis we plan to develop 
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adenoviral-associated vectors to express the S9A and S9D mutant forms of 
stargazin, together with GFP, specifically in the dLGN. This experiment will allow a 
better temporal control of stargazin expression in the dLGN with expression only a 
few days before the critical period of plasticity. Furthermore, it will help to exclude 
changes in the corticothalamic feedback that probably occur in stargazer mice as 
stargazin is important for cortical plasticity as well (Chapter 3). We plan to record 
from infected relay neurons in the dLGN after LDR, as stargazin phosphorylation 
seems to be important for the remodeling of the retinogeniculate synapse in 
response to visual deprivation. If our hypothesis holds true, we expect to disrupt the 
experience-dependent plasticity in the S9A infected mice, as stargazin 
phosphorylation will be disrupted. In the case of S9D infected relay neurons, we 
expect that the recruitment of more retinal inputs will be occluded. 
 
Stargazin and spine morphology 
A different set of experiments will be designed to understand the role of 
stargazin in synapse maturation in cultured cortical neurons. Most excitatory 
synapses in the mammalian brain are formed at tiny dendritic protrusions, named 
dendritic spines (Bourne and Harris 2008). Dendritic spines are cellular 
compartments that contain signaling molecules important for synaptic transmission. 
The analysis of dendritic spines predicts the number and developmental state of the 
excitatory synapses in that dendrite. Spines with bigger heads (mushroom type) 
have stronger synapses and longer spines (filopodia-like) have synapses that are 
more easily modifiable, therefore less mature (Kasai et al. 2010). 
We described a specific decrease in excitatory synaptic markers, PSD95 and 
Vglut1, when stargazin expression was decreased after DIV11.  If stargazin is 
essential for synapse maturation, we should observe morphological changes in 
dendritic spines. Preliminary data obtained from z-stack imaging of GFP-filled 
shRNA transfected neurons allowed us to look at spine morphology and distribution 
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in cortical neurons transfected at DIV7 with mock or shRNA#4. In fact we could 
observe that stargazin knockdown affected spine morphology as shRNA#4 
transfected neurons presented more long philopodia-like structures and less 
mushroom-type spines along their dendrites. Morphometric analysis of Z-stack 
projections will be performed using Neurolucida software to quantify spine 
dimensions and classify their distribution in order to confirm if these apparent 
differences are in fact true. Moreover, we intend to image spine morphology in 
younger cortical neurons, where stargazin knockdown did not affect PSD95 
clustering. In this case, we expect to find little changes in spine morphology. With 
these analyses we intend to test a new role of stargazin in the regulation of spine 
dynamics, essential for the circuit maturation.  
 
The role of stargazin in schizophrenia  
 Schizophrenia is a chronic and devastating mental disorder which affects 
~1% of the population, and is characterized by disorganized thought processes, 
hallucinations, delusions and emotional deficits. Impaired synaptic connectivity is an 
over-arching feature of schizophrenia pathology as observed in human brain 
imaging studies and in post-mortem tissue. Several evidences suggest an emerging 
role for stargazin in schizophrenia. We aim to identify new stargazin variants, 
expressed in schizophrenic patients and to test their ability to rescue AMPAR 
function in shRNA#4 transfected cortical neurons. 
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Stargazin discovery was a major breakthrough in the neurobiology field and 
after more than a decade there are still many questions waiting to be answered. In 
this thesis we described an important new role of stargazin in synapse development 
and remodeling. Importantly, TARPs are currently viewed as molecular targets for 
the control of AMPAR function in the case of neuropathological conditions. As many 
neurodevelopmental disorders involve abnormal AMPAR trafficking, understanding 
how stargazin and other TARPs are regulated and regulate synaptic plasticity is 
essential for the definition of new therapeutical approaches. 
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